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Abstract 
 
 
 
Abstract 
 
Assembly of nanoparticles provides effective building blocks for physical, chemical and biological 
systems which have surprisingly collective intrinsic physical properties. One-dimensional 
nanomaterials are one of the most spectacular and promising candidates for technological 
application in the field of nanotechnology. Single-walled carbon nanotubes represent an 
anisotropic and perfectly one-dimensional group of nanomaterials with extraordinary electronic, 
mechanical, chemical and thermal properties.  Usually, such nanoparticles are dispersed in solution, 
and for any application it’s necessary to bring them on the surface in an organized way.  However, 
to exploit its full potential and to ensure efficient scale-up, self assembly of such nanoparticles is 
absolutely essential. The aim of this work is to develop new strategies for alignment by self 
assembly of such one-dimensional nanomaterials like carbon nanotubes using combination of 
different conventional techniques. This includes a functionalization study with new strategy for 
hybrid bio-functionalization of carbon nanotubes which could have potential application in drug 
delivery, genetic engineering and biosensors. The possibility to make hybrid structure 
functionalization by attaching ss-DNA backbone to the positively charged head group of a cationic 
surfactant by ionic interaction is demonstrated. Localization of nanoparticles at liquid-liquid 
interfaces by manipulating the particle surface energy is an upcoming area with great potential for 
research and opens a window to fabricate self assembled interfacial structured hybrid materials 
with unique properties. In this direction, a strategy for alignment of carbon nanotubes at liquid-
liquid interfaces using dielectrophoresis is also investigated. Finally, a new and unique strategy for 
large scale alignment of carbon nanotubes is presented by combing dielectrophoresis during 
Langmuir-Blodgett assembly process. The degree of alignment is verified using polarized micro 
Raman spectroscopy and direction dependent electrical conductivity measurements.   
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Kurzfassung  
 
Die Assemblierung von Nanopartikeln liefert effektive Bausteine für physikalische, chemische und 
biologische Systeme, welche erstaunliche kollektive und spezifische Eigenschaften aufweisen. 
Eindimensionale Nanopartikel sind mitunter die spektakulärsten und vielversprechendsten 
Materialien für technologische Anwendungen im Feld der Nanotechnologie. Einzelwand-
Kohlenstoffnanoröhren  stellen eine Gruppe von anisotropen und perfekt eindimensionalen 
Nanopartikeln mit außergewöhnlichen elektronischen, mechanischen, chemischen und 
thermischen Eigenschaften dar. Im Allgemeinen befinden sich solche Nanopartikel in gelöster 
Form. Für alle Arten der Anwendung müssen diese notwendigerweise in organisierter Weise auf 
Oberflächen abgeschieden werden. Um ihr volles Potential auszuschöpfen und eine effiziente 
Hochskalierbarkeit zu erreichen, ist eine Self Assembly solcher Objekte zwingend erforderlich. 
Ziel dieser Arbeit ist es, neue Strategien für Ausrichtung und Self Assembly von eindimensionalen 
Nanopartikeln wie Kohlenstoffnanoröhren mit einer Kombination von konventionellen Techniken 
zu entwickeln. Dies beinhaltet eine Funktionalisierungsstudie mit neuer Strategie für hybrid-bio-
Funktionalisierung von Kohlenstoffnanoröhren, welche eine potentielle Anwendungsmöglichkeit 
in der Medikamentenverabreichung, Gentechnik und Biosensoren darstellt. Die Möglichkeit 
hybride Struktur Funktionalisierung durch Anfügen von ss-DNA-Rückgrat der positiv geladenen 
Kopf Gruppe der kationischen Tensiden durch Ionische Wechselwirkung wird demonstriert. Eine 
Anreicherung von Flüssigkeits-Flüssigkeits-Grenzflächen mit Nanopartikeln durch Kontrolle der 
Partikel Oberflächenenergie ist ein neus Forschungsgebiet mit großem Potential für die Forschung, 
welche, die Möglichkeit eröffnet, selbst-organisierte, grenzflächenstrukturierte Hybridmaterialien 
mit einzigartigen Eigenschaften herzustellen. Anknüpfend hieran wird auch eine Strategie zur 
Ausrichtung von Kohlenstoffnanoröhren an Grenzflächen mittels Dielektrophorese untersucht. 
Letztlich wird eine neuentwickelte, einzigartige Strategie zur großflächigen Ausrichtung von 
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Kohlenstoffnanoröhren vorgestellt, welche auf einer Kombination von Dielektrophorese und 
Langmuir-Blodgett-Technik durch gleichzeitige Anwendung im Anordnungsprozess beruht. Der 
Grad der Ausrichtung ist mit polarisierten Mikro Raman-Spektroskopie und Richtung abhängige 
elektrische Leitfähigkeit Messungen überprüft. 
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Introduction 
 
The ever-changing semiconductor business thrives on a simple principle: smaller, faster and 
cheaper. The benefit of being tiny is pretty simple: finer lines mean more transistors can be packed 
onto the same chip. More transistors on a chip results in smaller distance between them and it can 
perform its work even faster. The basic idea of miniaturization of devices was predicted already 
six decades ago by Gordon Moore in 1965, now famously known as Moore’s law (Moore 2006) 
which states that the number of transistors that can be placed per square centimeter on an integrated 
circuit will increase exponentially, doubling approximately every 18 months. In the longer period 
of time, addressing such challenges demands new scientific innovation and evolution of present 
day technology. The theme of this work is motivated by these technical challenges; the industry is 
confronting to meet the requirements of the ever growing semiconductor market.   
High speed transmission is one of the major agenda in development of future interconnections 
which constitute a major part of this puzzling maze. High current densities and electromigration 
are the major issues with interconnect material like copper(B. Li et al. 2004). Alleviating, from 
conventional techniques an out of the box approach is necessary to influence the interconnecting 
technology both dimensionally and functionally, which will be the main focus of our work. 
Currently, carbon nanotubes (CNTs) appears to be one of the most competitive and promising 
successor capable of meeting these stringent requisites. Versatility of this material can be 
envisioned with its numerous applications across various fields of science and engineering. CNTs 
represent an anisotropic and perfectly one dimensional group of nanoparticles with superior 
properties which have generated intense interest for its applications in diverse fields. The 
outstanding properties of CNTs have caused researchers and companies to consider using them for 
versatile applications including nano scale circuits (Kordas et al. 2007; Kordas et al. 2006), flexible 
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electronics (Cao & Rogers 2009), battery electrodes(Frackowiak & Beguin 2001), sensors(Sinha 
et al. 2006), reinforced composites(Baughman et al. 2002) etc. CNTs are rolled up sheets of 
graphene with sub micrometric dimensions that can behave as metal or semiconductor depending 
on their atomic arrangement. Such self assembled one-dimensional (1-D) system has spectacular 
electro-mechanical and thermal properties, ideally suited for next generation electronic devices and 
circuits. Other properties like large range of conductance, dissipation free ballistic transport for 
defect free CNTs resulting in higher current densities are highly appealing for their application as 
interconnect material for example, metallic nanotubes in nano scale circuits while semiconducting 
nanotubes can be used as Schottky type FETs.  
However, several challenges for integration of this unique nano-material are optimum 
functionalization, uniform dispersion and subsequent preferential alignment in condensed phases. 
Uniform and stable dispersion of nanoparticles (NPs) plays a significant role for many applications. 
This requirement is very critical below submicron scales and hence disaggregation, uniform 
dispersion as single particles and their final alignment are critical challenges. At such scales since, 
the surface chemistry controls the dispersion state of the particles, a precise control over the surface 
properties is essential to achieve a product with the desired properties. Therefore, there arises an 
urgent need for establishing a common platform to align 1-D NPs such as CNTs and nano wires 
from nano and micro scale to macro scale levels for their application in future nano electronics 
devices. The revolutionary applications of nanotubes, for example nanotube electronics, need much 
more focus on controlled assembly and integration with controlled length, precise alignment, 
control of location, etc. 
The aim of this work is to develop new strategies for alignment and self assembly (self assembly) 
of 1-D NPs like CNTs using combination of different conventional techniques. This includes a 
functionalization study with new strategy of hybrid bio-functionalization of CNTs which could 
have potential application in drug delivery. A strategy for alignment of CNTs at interface using 
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dielectrophoresis (DEP) is also investigated. Finally, for large scale alignment of CNTs a unique 
strategy is developed combining DEP and Langmuir Blodgett (LB) technique simultaneously 
during an assembly process.  
This work is organized as follows: 
Chapter 1 briefly introduces CNTs with its basic electronic properties. Functionalization and 
dispersion of CNTS along with its application are also discussed.  
Chapter 2 highlights the different strategies of self assembly of NPs and basics techniques for self 
assembly. The techniques used in this work are discussed further in detail within this chapter. 
 Chapter 3 provides information about the used equipments, materials and methods for this work.  
In Chapter 4 we discuss the significant results obtained during the course of this scientific work. 
This chapter is principally divided into three sections. Section 4.1 deals with hybrid bio-
functionalization of CNTs. In this section we discuss the strategy developed for bio-
functionalization of multi-walled carbon nanotubes (MWWCNTs). Further optimization of 
dispersion parameters and bio-functionalization of MWCNTs will be discussed along with single 
stranded DNA (ss-DNA) - MWCNTs interactions. Sections 4.2 discuss interface assembly of 
CNTs. In this section the alignment of single-walled carbon nanotubes (SWCNTs) is investigated 
using a new approach. Here, we try to modify the standard DEP method and use it for interface 
alignment by developing an advanced strategy. The findings of this advanced strategy are discussed 
here. Section 4.3 deals with large scale assembly of CNTs. Within this section the alignment of 
SWCNTs are demonstrated using DEP and LB assembly techniques. However, since these 
standard techniques are incompatible for large scale assembly of CNTs, a new strategy called as 
LB-DEP is developed using the combination of the above mentioned standard techniques. The 
findings from this LB-DEP technique are discussed here in details.  
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Finally, Chapter 5 briefly summarizes this scientific work and discusses possible outlooks. 
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Chapter 1: Carbon Nanotubes 
 
In this chapter the CNTs and its properties will be discussed briefly. Dispersion and 
functionalization of CNTs will also be discussed briefly. 
 
Fig.1.1: Different polymorphs of carbon: diamond (3D), graphene (2D), carbon nanotubes (1D) 
and fullerenes (0D) with many interesting optoelectronic, physical and chemical properties (Zhu 
et al. 2009). 
Carbon as a material is well known since pre-historic times and is fundamental for the living world. 
It is one of the most versatile elements in the periodic table due to its characteristic strength and 
number of bonds it can form with different elements without a great expense of energy.  The 
diversity of bonds and their corresponding geometries enables a variety of stable form 
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(Fig.1.1Fehler! Verweisquelle konnte nicht gefunden werden.) ranging from insulator 
(diamond) to metallic/semi-metallic graphite (or graphene), conducting/semiconducting fullerenes 
(C60 and CNTs) showing many interesting optoelectronic, physical and chemical properties (Zhu 
et al. 2009). These allotropes of carbon in possible dimensions: diamond (3D), graphene (2D), 
carbon nanotubes (1D) and fullerenes (0D) hold much promise due to their versatile properties and 
potential applications in the field of advanced electronics, nanotechnology, optics, energy storage, 
sensors, biomedical applications and other fields of materials science and technology. 
1.1. Sp2 hybridization 
 
Fig.1.2:  sp2 hybridization process resulting in σ- and π-bonds:  2s orbital is mixed with only two 
of the three available 2p orbitals forming a total of three sp2 orbitals with one remaining p orbital 
while the remaining p orbital forms a π bond between the carbon atoms perpendicular to the 
molecular plane (Wernik & Meguid 2010). 
 
A carbon atom has six electrons in its atomic orbitals surrounding the nucleus. In their lowest 
energy state, the electrons can occupy 1s, 2s and 2p orbitals. Two of the six electrons are core 
electrons in the 1s orbital which are strongly localized and exert minimal influence on the electronic 
properties. Out of the other four valence electrons: two valence electrons occupy the 2s  
Carbon nanotubes 
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orbital and the two occupy the 2p orbital. Since the energy of the 2s and 2p orbitals are almost 
identical; they can mix quite easily exhibiting various spn hybridization, with n ranging from one  
 
Fig.1.3: Schematic of a laser ablation set-up used for synthesis of SWCNTs(Yakobson & Smalley 
1997). 
to three. The versatility in the hybridization possibilities gives rise to different structures of carbon 
with amazing properties for various applications. The most studied sp2 hybridization, where, the 2s 
and 2p orbitals in its excited state combine to form three hybrid sp2-orbitals at 120° relative to each 
other as illustrated in the sp2 hybridization process (Fig.1.2). The resulting covalent bond is known 
as the π-bond which is largely responsible for the unique properties of CNTs. The other relatively 
weak out of plane bond known as the σ-bond is typically exploited in functionalization processes 
to augment the interfacial bonding with a surrounding matrix.  
1.2. Synthesis 
The genuine potential of CNTs can only be realized if their growth is optimized and well controlled 
for mass production.  CNTs are thermodynamically stable forms of carbon that are produced when 
a carbonaceous feedstock is exposed to a metal catalyst at high temperatures (Hersam 2008). The 
predominant methods developed for synthesis of CNTs are (a) arc discharge (Ebbesen & Ajayan 
1992), where a plasma is struck between graphite rods; (b) laser ablation (Guo et al. 1995), where 
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a high-intensity laser beam is focused on a graphite rod as shown in a schematic in Fig.1.3 (c) 
chemical vapour deposition (Endo et al. 1993), where a carbon-bearing gas is heated in a furnace.  
Although, considerable progress has been made in recent years, none of these processes can 
completely control the nanotube properties in terms of identical length, diameter and electronic 
properties. The lack of uniformity in the properties of CNTs is still a susbtantial hurdle for its full 
scale commercial appliations.  
1.3. Structure  
 
Fig.1.4: Single-walled carbon nanotube and multi-walled carbon nanotube (modeled using carbon 
nanotube builder). 
Primarily CNTs are structurally classified in two varieties such as SWCNTs and MWCNTs, which 
differ in the arrangement of their graphene cylinders. SWCNTs are individual graphene cylinders 
of 1-2 nm diameters (Fig.1.4, left) and are smaller compared to MWCNTs (Fig.1.4, right), which 
are collections of several concentrically nested graphene cylinders. The latter can be considered as 
a meso-scale graphite system whereas the former is truly a single large molecule.  
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Fig.1.5: Schematic of graphene strip rolled into a seamless nanotube. 
 
 
Fig.1.6: Hexagonal structure of the graphite lattice, with the unit vectors a1 and a2, the chirality 
vector Ch = a1n + ma2, and the chirality angle θ. A (4,2) SWCNT is formed if point A is brought 
to point A by rolling up the sheet. The dashed lines indicate the (n,0) zig-zag, (n,m) armchair and 
(n,m) chiral cases while the solid lines shows the structure in the corresponding cases. 
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MWCNTs show a predominant metallic behavior since they have several shells and larger 
diameters usually between 2 and 30 nm. SWNTs can be envisioned as single graphene sheet and 
rolled up to form a seamless tube (Fig.1.5). Major characteristics of their electronic properties can 
be built up from relatively simple Hückel-type models using π atomic orbital since the carbon 
atoms in a graphite plane are coordinated in sp2 configuration. Fig.1.6 shows such a hexagonal 
structure of a graphene sheet. The different nanotubes can be distinguished by the “roll-up” vector 
or so called the chiral vector Ch measured in the units of vectors a1 and a2 that can be defined on 
this sheet by simply taking two points of the lattice as indicated and rolling the sheet up to bring 
these two points together creating a SWCNT. Ch determines the tube circumference and chirality 
expressed in terms two triangular Bravais lattice with a two atom basis and basis vectors a1 and a2. 
This can be written as: 
 𝐶ℎ = 𝑛𝑎1 + 𝑚𝑎2 (2. 1) 
 
The indices (n,m) are natural numbers which define the chirality of the nanotube. A 30° angular 
section is sufficient to describe all SWCNTs because of the hexagonal symmetry of the honeycomb 
lattice and the chiral symmetry of (n,m) tubes as shown in left of  Fig.1.6. This 30° section of the 
hexagonal lattice is spread between two particular nanotube configurations which are symmetric 
with respect to the tube axis: the zig-zag nanotubes with n or m = 0; and the armchair nanotubes 
with n = m. All other tubes with arbitrary values of n and m are asymmetric and are known as chiral 
nanotubes. The diameter d and the chiral angle θ of the tube can be determined from the indices 
(n,m) according to: 
 
 
𝑑 =
|𝐶ℎ|
𝜋
= (√3𝜋)𝑎𝑐𝑐 (√𝑚2 + 𝑚𝑛 + 𝑛2) (2. 2) 
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𝜃 = tan−1 [
√3𝑚
(2𝑛 + 𝑚)
] (2. 3) 
where, acc is the nearest neighbor carbon atom distance (~0.142 nm). 
Thus SWNTs can be classified into three groups based on the coefficient (n,m) and θ 
 n = m and θ = 30°  armchair tubes 
 n or m = 0 and θ = 0°  zig-zag tubes 
 n ≠ m (for n or m ≠ 0) and 0<θ<30°  chiral tubes 
 
Fig.1.6 (right) illustrates the structure of the three kinds of carbon nanotubes, namely, the armchair, 
the zig-zag and the chiral tubes. One can see that the structure of carbon nanotube varies greatly 
depending on the wrapping vector. 
1.4. Electronic properties 
Most material conductors can be classified either as metals or semiconductors, however graphene 
the parent material of CNTs is known to be a semi-metal or zero-gap semiconductor. The electrical 
properties of different materials are illustrated schematically in Fig.1.7. The electrical properties 
of a material depend on the separation between the valence band filled with electrons and the 
conduction band that is empty. The Fermi level Ef  is the highest occupied energy level at absolute 
zero i.e. all energy levels up to the Fermi level are occupied by electrons. The valence band is 
located at lower energy level than the conduction band where electrons can move freely when 
excited from the valence band. The energy difference between these two bands is Eg. In case of a 
semiconductor the band structure is characterized by a finite band. The position of Ef can be tailored 
by doping of semiconductor. Graphene is an unique case where the Fermi level  
Functionalization and large scale assembly of carbon nanotubes 
 
12 
 
 
Fig.1.7: Simplified band structures of a insulator, semiconductor, semi-metal and metal. The Fermi 
level Ef in a metal lies within the conduction band, whereas in a semiconductor within the band 
gap Eg between valence and conduction bands. In a semi-metal the valence and conduction bands 
touch at a point - the Fermi point while in an insulator these bands are far apart ~ > 9eV. 
 
lies exactly in between for an intrinsic semiconductor at 0°K, where there is a narrow path of few 
electrons to the conduction band without any external boost which makes it a semi-metal 
(Anantram & Leonard 2006). The band structure of isolated graphene is shown in Fig.1.8. The 
conduction and valance band touch at the six corners of the first Brillouin zone (K, K’), while they 
have a linear dispersion near the Fermi edge. The electronic density of state at these six touching 
points is zero. The electronic structure of SWNTs derives from that of a 2-D graphene sheet, but 
because of the radial confinement of the wave function the continuous electronic density of states 
(DOS) in graphite divides into a series of spikes in SWNTs which are referred to as van Hove 
singularities (Kataura et al. 1999). Van Hove singularities are discontinuities in the density of states 
of a solid usually as a result of low dimensionality in one or more directions (Van Hove 1953). 
SWNTs can be metallic or semiconducting depending on the chirality and  
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Fig.1.8: Energy band structure in graphene: (a) Energy bands near the Fermi level in graphene. 
The conduction and valence bands cross at points K and K' marked in different shades of green. 
(b) Conic energy bands in the vicinity of the K and K' points (Ando 2009).  
 
Fig.1.9: Schematic diagram of electronic density of states for (a) metallic (b) semiconducting 
which can be calculated with a tight binding model . Wave vector-conserving optical transitions 
can occur between mirror-image spikes, that is, v1 c1 and v2 c2 (Yu & Brus 2001). 
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Fig.1.10: Schematic of a carbon nanotube field effect transistor which consists of metallic source 
and drain electrode and carbon nanotube as gate electrode on silicon (James n.d.). 
diameter. Fig.1.9 shows the DOS for both (a) metallic and (b) semiconducting CNTs where Vn 
represents the valence bands and Cn, the conduction bands for the first electronic transition (Ando 
2009). DOS calculations can be performed using tight-binding and ab-initio calculations (Reich et 
al. 2008).  
1.5. Carbon nanotube field effect transistor 
Transport measurements on semiconducting nanotubes have shown that a nanotube connected to 
two metal electrodes has the characteristics of a field-effect transistor (Fig.1.10). In 1998 the first 
carbon nanotube field effect transistors (CNTFETs) were demonstrated at Delft and at IBM (Tans 
et al. 1998). Field effect transistor (FET) is a unipolar transistor which controls the flow of electrons 
or holes between two points by affecting the size and shape of a conductive channel influenced by 
the effects of an electric field. The channel in the case of the MOSFET is an n-type inversion layer 
in the p-type substrate close to the interface of silicon with the silicon oxide where as in a nanotube 
FET the inversion layer is replaced by the CNTs. Current moves within  
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Fig.1.11: Schematic showing different stages of dispersion of CNTs by tip ultrasonication 
technique: a) Void nucleation on application of ultrasonic waves b)Unstable growth of the bubble 
c)Void implosion producing a shockwave (Wernik & Meguid 2010).  
the FET in a channel, from the source connection to the drain connection. A gate terminal generates 
an electric field that controls the current in the CNT.  
1.6. Dispersion of carbon nanotubes 
High aspect ratios combined with high flexibilities (Yu et al. 2000) increase the possibility of 
nanotube entanglement and close packing (Odom et al. 1998). The low dispersability stems from 
the tendency of pristine nanotubes to assemble into bundles or ropes which contain hundreds of 
close-packed CNTs tightly bound by van der Waals (VDW) attraction energy of 500 eV/μm of 
tube-tube contact (Girifalco et al. 2000). Extensive investigation has been done in developing 
approaches to produce reproducible dispersion of individual CNTs. The ultimate goal of the 
dispersion process is to break up nanotube agglomerates and homogeneously distribute the 
individual CNTs in solution. The dispersion, aggregation, agglomeration and entanglement of  
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Fig.1.12: Mechanism of nanotube isolation from a bundle obtained by ultrasonication and 
surfactant stabilization (i)Bundled SWCNTs (ii) Ultrasonic treatment provide high local shear to 
the nanotube bundle end (iii) After spaces or gaps at the bundle ends are formed, surfactant 
adsorption occurs (iv) Eventually individual nanotubes separated from bundle (Vaisman et al. 
2006). 
CNTs are extensively investigated mostly by mechanical or chemical routes. Mechanical routes 
include high shearing techniques using mechanical stirring, sonication, micro-fluidizing, and 
calendaring, while chemical strategies typically involve modification by covalent or non-covalent 
functionalization. Ultrasonication is a common technique to disperse nanotubes as illustrated 
schematically in Fig.1.11.  It uses high frequency sound waves to induce the separation of CNT 
agglomerates. It operates on the principle of inertial cavitations with the rapid formation and violent 
collapse of a void or bubble in the liquid producing intense shearing forces. When sonicating 
liquids at high intensities, the sound waves that propagate throughout the media result in alternating 
high-pressure and low-pressure cycles. During the low-pressure cycle, the high-intensity waves 
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form small vacuum bubbles in the liquid. When the bubbles attain a volume at which they can no 
longer absorb energy, they implode producing a shockwave. During such sonication cycles, the 
surfactant helps to debundle the nanotubes by steric or electrostatic repulsions. The mechanism of 
nanotube isolation from bundle is illustrated in the schematic Fig.1.12. The role of ultrasonic 
treatment is likely to provide high local shear, particularly to the nanotube bundle end (ii). Once 
spaces or gaps at the bundle ends are formed, they are propagated by surfactant adsorption (iii), 
ultimately separating the individual nanotubes from the bundle (iv). 
1.7. Functionalization of carbon nanotubes 
As summarized in Fig.1.13, chemistry on SWCNTs can be classified into five categories: (a) 
covalent sidewall chemistry; (b) covalent chemistry at defect sites or open ends; (c) non-covalent 
surfactant encapsulation; (d) non-covalent polymer wrapping; (e) molecular insertion into the 
SWCNT interior. Among these chemical routes, chemistry on the exterior sidewalls has proven to 
be the most selective to date. Covalent and non-covalent treatments are the two most common 
methods applied for dispersion of CNTs.   Covalent methods uses surface functionalization to 
improve their chemical compatibility, however such aggressive chemical functionalization at 
higher temperature might introduce defects and disrupt the delocalized π electron cloud.   Non-
covalent treatment is particularly attractive because of the possibility of adsorbing various groups 
on CNT surface without disturbing the π system of the graphene sheets (Vaisman et al. 2006). In 
the last few years, the non-covalent surface treatment by surfactants or polymers has been widely 
used in the preparation of both aqueous and organic solutions to obtain high weight fraction of 
individually dispersed nanotubes (Vaisman et al. 2006). Covalent sidewall chemistries have been 
developed that discriminate as a function of electronic type and diameter (Campidelli et al. 2007).  
For example, selective covalent sidewall functionalization of metallic SWCNTs has been achieved 
with diazonium salts in aqueous solution (Strano 2003). Also diazonium covalent functionalization 
significantly perturbs the electronic and optical properties of metallic SWCNTs,  
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Fig.1.13: Functionalization of carbon nanotubes: : (a) covalent sidewall chemistry; (b) covalent 
chemistry at defect sites or open ends; (c) non-covalent surfactant encapsulation; (d) non-covalent 
polymer wrapping; (e) molecular insertion within nanotube (Hersam 2008). 
this chemistry has also been used to render metallic SWNTs inactive in thin-film electronic devices 
(Balasubramanian et al. 2004).  Selectivity by electronic type has been studied extensively for non-
covalent chemistries based on amines. Diameter-dependent binding has been observed for common 
surfactants (for example, sodium dodecyl sulphate, sodium dodecylbenzene sulphonate, and 
sodium cholate) in aqueous solution (McDonald et al. 2006). The vast majority of work on selective 
non-covalent functionalization has focused on relatively small-diameter SWCNTs (diameter <1.2 
nm). Selective non-covalent functionalization of semiconducting SWCNTs has been realized with 
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porphyrin chemistry (H. Li et al. 2004). Non-covalent polymer wrapping has also shown selectivity 
as a function of diameter and electronic type for small-diameter SWCNTs. In particular, fluorine-
based polymers provide diameter selectivity(Nish et al. 2007), whereas DNA possesses an affinity 
for semiconducting SWCNTs (Fantini et al. 2007). The interaction of solvents with SWCNTs as a 
function of electronic type has also been studied. In particular, solvents with aromatic backbones 
and electron-withdrawing groups tend to withdraw electrons selectively from metallic SWCNTs 
(Shin et al. 2008).  
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Chapter 2: Self assembly and alignment of carbon nanotubes 
 
In this chapter self assembly strategies of carbon nanotubes will be discussed briefly. Several 
methods of CNTs alignment and factors  influencing such alignment will be reported. The possible 
application and advantages of alignment of CNTs will be discussed. Also the challenges for the 
alignment and orientation of CNTs will be reviewed.  
 
2.1. Self assembly 
Self assembly is a versatile process common in nature and technology spanning over all scales. 
Self assembly is a process by which NPs or other discrete components spontaneously organize due 
to direct specific interactions and/or indirectly using a template or an external field (Stuart et al. 
2010). Studying and understanding the self assembly phenomenon requires efforts from 
researchers from many disciplines and is truly a multi-disciplinary endeavor. The significance of 
this phenomenon is multi-fold. The appealingness of order from disordered system and its central 
role in origin of life through self assembly of living cells requires in depth insight of this process 
as such functional self assembly stimulates designing of miniature systems and a unique solution 
for synthesizing structures larger than molecules. As components become smaller, following the 
trend in miniaturization through micro fabrication to nanofabrication, conventional robotic 
methods will fail because of the difficulty in building robots that can economically manipulate 
components only micro meters in size (Whitesides & Grzybowski 2002). Finally self assembly can 
serve as a common platform for assembling components into larger functional ensembles for many 
dynamic multi-component systems, from smart materials, self -heating structures, nano wires to 
netted sensors, computer networks and even three-dimensional micro-systems.  
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Fig.2.1: Self assembly strategies of nanoparticles in solution: assembly in bulk, assembly at surface 
and assembly at liquid-liquid interface. 
Self assembly of nanoparticles has spectacular and promising technological applications since it 
provides effective building blocks for physical, chemical, and biological systems. Even though 
several methods have been developed to synthesize nanoparticles of different materials, sizes and 
shapes, their organization at nano scale still remains the most important aspect. Since most of 
nanoparticles such as quantum dots, CNTs and nano wires are in solution, it's an important 
prerequisite to bring them on surfaces and interfaces in an organized way for their versatile for 
applications (Grzelczak et al. 2010). Self assembly of SWCNTs can be categorized into: in situ 
assembly and post synthesis assembly. The later has the advantage of avoiding higher temperatures 
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involved during synthesis, and may also be combined with structural and electronic selectivity of 
SWCNTs for scale up application. In this work the emphasis will be on post synthetic assembly 
which mainly involves dispersing SWCNTs in solution and aligning those using external forces. 
There is an intense search for a simple strategy to organize nanoparticles through self assembly 
processes at surfaces and interfaces. Localization of SWCNTs at the liquid-liquid interface between 
two immiscible phases is a promising possibility to align SWCNTs in a controlled manner without 
having the problem of SWCNT immobilization on solid surfaces. Such processes require adequate 
stabilization of the nanoparticles, sufficient dynamic freedom during the assembly process and 
stabilization after the assembly process is completed. Three different approaches are currently 
explored to effect ordering of nanoparticles by the self assembly processes such as assembly in 
bulk, assembly at the interfaces and assembly at surfaces as shown schematically in Fig.2.1. 
2.1.1. Assembly in bulk 
Self assembly of nanoparticles in bulk leads to a three dimensional ordering of colloidal crystals; 
which are of great importance for the development of new materials with potential application in 
sensing and data storage. In this process, non-covalent interactions play an important role in 
controlling the free energy and kinetics of the assembly which leads to complex architectures. This 
kind of spontaneous and directed assembly of nanoparticles has been well studied with polymers 
(Ikkala & ten Brinke 2004), dendrimers (Svenson & Tomalia 2012; Jang et al. 2009),  and 
biomolecules (Shenhar & Rotello 2003; Shenhar et al. 2005). Although high level of order could 
be obtained within the material, it lacks long range order in assembled aggregates and suffers from 
the major disadvantage of too slow assembly of nanoparticles due to low rate of sedimentation 
(Binder 2005).  
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2.1.2. Assembly at surface 
Assembling nanoparticles on surface is achieved by drying mediated (Denkov et al. 1993; 
Kralchevsky & Nagayama 1994) ] assembly or chemically directed assembly through interaction 
between the surface and the nano particle by electrostatic interaction (Daniel & Astruc 2004; Zirbs 
et al. 2005), oligo nucleotides (Demers et al. 2002; Li et al. 2003), metal complexes (Mulder et al. 
2004), directed hydrogen bonds (Zirbs et al. 2005; Higgins & Jones 2000), and hydrophobic forces 
(Mahalingam et al. 2004; Sanyal et al. 2004). It is a powerful self assembly approach to create 
highly ordered, specific nano particle assemblies or patterns. In this approach, one can exploit 
covalent as well as non-covalent interactions of nanoparticles surface protecting groups (Harnisch 
et al. 2001). Different techniques such as electrostatic layer-by-layer assembly (Srivastava & Kotov 
2008), chemical templating (Maye et al. 2005), and self-assembled mono layers (Badia et al. 1996) 
are preferred modes in this approach. Generally this wet deposition process using direct supra-
molecular interactions can lead to formation of irregular arrays due to strong attachments which 
limits the scope for correction of errors or mismatches during the assembly process. 
2.1.3. Assembly at interface 
Self assembly of nanoparticles at liquid-liquid interface is an elegant approach and offers an 
important alternative scaffold for organization of nanometer sized objects. At macroscopic level, 
such processes have been known for over 100 years as “Pickering emulsions”, in which solid 
particles (d> 1 µm) such as iron oxide and silicon oxide stabilize efficiently by adsorption to liquid–
liquid interface of a paraffin-water emulsion (Pickering 1986; Ramsden 1903). Self assembly of 
nanoparticles at oil-water interface could be attractive since the high interfacial energy between the 
interfaces can be decreased by assembly of nanoparticles at the interface which favors the 
formation of a monolayer of nanoparticles at the interface. The ability to control such nanoparticles 
at any interface has several applications in tailoring controlled mono layers or ultra-fine porous 
membranes with adjustable but regular pore sizes and therefore with adaptable mechanical, 
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thermal, electrical, and/or optical properties. Other applications include controlled nano fluidic 
drug delivery patches with adjustable mass transfer properties across the patch, biosensors, nano 
and micro filters (e.g. for protein separation based on their sizes), microelectronic circuits, digital 
storage media, photonic materials for integrated optical circuits for the next generation of 
computers, high efficiency solar and thermo-photovoltaic cells, anti-reflection coatings, etc (Janjua 
et al. 2011). Therefore, self assembly at liquid-liquid interface provides an avenue to achieve device 
fabrication using nanoparticles in a much more economical, yet robust fashion. In this process, the 
assembly process is highly dynamic, which enables error correction rapidly. The major factors 
which govern the interfacial stability of nanoparticles are wettability, effective radius, interfacial 
tension and line tension.  
2.2. Methods for alignment of carbon nanotubes 
Like any other new material, practical use of CNTs requires efficient and scalable processing 
methods and commercial development requires these methods to be compatible with existing 
manufacturing platforms such as semiconductor processing (Ishikawa et al. 2008). Although, 
several breakthroughs have been achieved after two decades of research in this area, CNT’s 
reproducible dispersion, positioning and alignment of CNTs at nano scale still remains a challenge. 
In situ assembly is the most straightforward approach for integrating CNTs into small devices by 
synthesis directly on the chip. Although it is scalable and compatible with current technology, it is 
however challenging to synthesize high quality CNTs on electrically conductive substrates at 
temperatures below 450°C, typical for CMOS technology. The post synthesis assembly approach 
involves dispersing CNTs in solution and aligning them using techniques like spin-coating, 
mechanical shearing, DEP or LB assembly. Since we will focus on the post synthesis assembly 
approach, we briefly look into the current potential and scalable methods to integrate CNTs in 
relevant configurations in this section.  
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Alignment of micro-systems around randomly dispersed CNTs: One of the initial methods 
developed to integrate isolated CNTs is to deposit them from a solution by drop casting, resulting 
in randomly arranged CNTs on a substrate. After the deposition, e-beam lithography is used to 
define microstructures on or around the individual CNTs (Shenhar et al. 2005). Nevertheless, these 
methods rely on a random dispersion of CNTs and are therefore limited to serial processing, which 
is not conducive to large-scale manufacturing (Ishikawa et al. 2008). 
Direct mechanical placement of CNTs can be performed using nano-manipulators or AFM probes, 
where it is possible to pick up CNTs and deposit them at a desired location to study their properties 
(Shenhar & Rotello 2003) or to integrate them directly in micro or nano electromechanical systems 
(Binder 2005). Similar to the previous dispersion-deposition method, this approach is time 
consuming and difficult to integrate with batch fabrication processes. 
It is predicted that both semiconducting and metallic (Lu 1995) SWCNTs exhibit anisotropic 
magnetic susceptibility in parallel and perpendicular to tube axes (Denkov et al. 1993; Kralchevsky 
& Nagayama 1994). When SWCNTs are placed in a magnetic field, they will acquire extra 
anisotropic magnetic energy and a torque is created that aligns them parallel to the applied magnetic 
field to minimize the magnetic energy. Due to the weak anisotropic magnetic susceptibility of 
CNTs, one has to apply very strong magnetic fields (tens of Tesla) for their alignment (Ma et al. 
2011). 
Electric field directed alignment: Since the static polarizability tensor of a CNT is highly 
anisotropic due to its anisotropic structure (Benedict et al. 1995), ac-dielectrophoresis (ac-DEP) is 
used to integrate CNTs. In this method CNTs dispersed in solvents are subsequently directed to 
predefined position on the chip using an electric field across micro electrodes. However, density 
and coverage area of the tubes is limited by the applied electric field. 
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2.3. Alignment techniques 
The two main alignment techniques dielectrophoresis and Langmuir-Blodgett used in this work for 
self assembly of nanoparticles will be discussed briefly.  
2.3.1. Dielectrophoresis technique 
The history of dielectrophoresis dates back to 1951, when H. A. Pohl performed the initial 
experiments with small plastic particles suspended in an insulating medium (Pohl 1951). His 
experiments revealed that the application of a non-uniform alternating field could direct the 
movement of the particles. Henceforth, a new terminology Dielectrophoresis” (DEP) was 
pronounced by him, which combined the Greek words for force “phoresis” with the word 
“dielectric”. Pohl developed DEP-based particle characterization and separation systems using 
large-scale experimental apparatus (Morgan n.d.). Since his systems were relatively large, high 
voltage was necessary to observe any directional motion. However, with the advent of micro-chip 
technology where sizes of electrodes were hugely diminished, this process evoked much interest 
since it required much lower voltages. It has been used extensively both in the field of 
biotechnology and nanotechnology for localization, separation and self assembly of particles.  
Most application requires discrete devices based on single nanotubes and so it is important to 
control the number of nanotubes deposited in the gap. Generally, the CNTs grown during synthesis 
are at higher temperature and do not exhibit the desired directionality on the substrate. Mostly, they 
are found to grow with a random orientation and do not bridge the two electrodes. Therefore, other 
techniques to  fabricate horizontally aligned CNTs suspended  between  the  electrode  pairs  had  
to  be  explored.  The  directed  assembly technique  of  DEP at room temperature has  been  used  
with  some  success  to assemble individual (Nygard et al. 1999) or bundled CNTs (Furtado et al. 
2004) as well as other nano/micro structures. DEP is useful for the  
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Fig.2.2: Two different types of dipoles. (a) A neutral particle with a permanent dipole moment, 
placed in an external electric field. (b) A neutral particle with no permanent dipole moment. 
Application of an external electric field induces charge separation and creates an induced dipole 
moment. α is the polarizability of the particle. 
inexpensive and large scale parallel manipulation of neutral micro and nano objects (Chiou et al. 
2006). 
2.3.1.1. Physics of dielectrophoresis 
Two types of dipoles that exist in nature are the permanent dipole and the induced dipole (Fig.2.2a). 
The permanent dipole has a dipole moment ~ p⃗  even in the absence of any electric field. While a 
dipole moment is absent in case of induced dipoles, however when placed in an external electric 
field, charge separation occurs within the material and so it develops an induced dipole moment 
(Fig.2.2b). The dipole moment of an induced dipole depends on the strength of the external applied 
field and also on the polarizability of the material.  The major electrical forces acting on small 
particles suspended in a fluid are electrophoresis and dielectrophoresis. Electrophoresis occurs due 
to the action of the electric field on the fixed, net charge of the particle (Srivastava & Kotov 2008), 
while dielectrophoresis only arises from the force imbalance exerted on the induced dipole moment 
of an uncharged dielectrics and/or conductive particle by a non-uniform electric field (Han et al. 
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2006) which can be a DC or an AC electric field. However, with an alternating electric field, the 
electrophoretic force is averaged out, which is can be very helpful for effective alignment 
nanoparticles between predefined structures.  
 
Now we try to estimate the force exerted on a dielectric particle. The dipole consists of equal and 
opposite charges, -q and +q. If a non-uniform electric field is applied to a dipole with distance 
vector d between the charges, then the resultant electric field at the two charges is unbalanced 
(Fig.2.2a). The sum of the unbalanced electric forces of the particle is:  
 𝐹 = 𝑞?⃗? (𝑟 + 𝑑) −  𝑞?⃗? (𝑟) (3. 1) 
where, r is the position vector of –q. 
Using Taylor expansion the electric field at the position pf q can be expressed as: 
 ?⃗? (𝑟 + 𝑑) = ?⃗? (𝑟) +  𝑑?⃗? ?⃗? (𝑟) + … (3. 2) 
By, further substitution, we obtain:  
 𝐹  = 𝑞𝑑?⃗? ?⃗? + ⋯ (3. 3) 
If high order gradients of the electric field are ignored, and since the dipole moment p = qd, the 
approximate expression of the force on the dipole is: 
 
 𝐹 = 𝑝?⃗? ?⃗?  (3. 4) 
 
where 𝑝  (=aυ?⃗?  )  is  the  dipole moment,  ∇ is  the  del (nabla)  operator  representing  the gradient 
of the field, E is the applied electric field, α is the polarizability of the dipole and υ is the volume 
of the body. Therefore, F can be written as (Pohl & Crane 1971):   
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Fig.2.3: Dielectrophoretic force acting on a dielectric particle at two opposite electric field 
directions. The force is in the increasing field direction, which is also the direction of the electric 
field when CM>0 and the particle moves towards higher electric field (positive dielectrophoresis) 
while the direction of the force and electric field are in opposite direction when CM<0 and so the 
particle moves towards region of lower electric field (negative dielectrophoresis). 
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𝐹 =  𝛼𝜐(?⃗? ?⃗? ?⃗? ) =  
1
2
𝛼𝜐?⃗? |𝐸|2 (3. 5) 
The direction of this force depends on the total polarizability of the particle and the medium. The 
applied field induces a dipole in the particle and the interaction of the induced charges on each side 
of the dipole with the electric field generates a force. Due to the presence of a field gradient, these 
forces are not equal and there is a net movement. The migration of the particles in the medium with 
respect to the electrode will depend on the polarizability of the particle and the medium. If the 
particle is more polarizable than the medium around it, the dipole aligns with the field. The force 
acts along the field gradient towards the region of highest electric field and the particle moves 
towards the electrode. If the particle is less polarizable than the medium, the dipole aligns against 
the field and the particle is repelled from regions of high electric field moving the particle away 
from the electrode. These two phenomenons are termed as positive and negative dielectrophoresis 
respectively (Fig.2.3). 
2.3.1.2. Dielectrophoretic strength on carbon nanotube in solution 
The force acting on the nanotube depends on the volume of the material, the polarizability of the 
medium and the squared of electric field gradient.  For a cylindrical object like a carbon nanotube, 
the force  (Fdep) and the torque (τdep) experienced in a non-uniform field are respectively given by 
(Vijayaraghavan et al. 2007):   
 
 
𝐹𝑑𝑒𝑝  =  
𝜋𝑑2𝑙
8
  𝜀𝑠𝑜𝑙𝑅𝑒(𝐶𝑀)∇𝐸
2 = 
𝜋𝑑2𝑙
8
  𝜀𝑠𝑜𝑙𝑅𝑒 [
𝜀𝑛𝑡
∗ − 𝜀𝑠𝑜𝑙
∗
𝜀𝑠𝑜𝑙
∗ + (𝜀𝑛𝑡
∗ − 𝜀𝑠𝑜𝑙
∗ )
] ∇𝐸2 (3. 6) 
 𝜏𝑑𝑒𝑝  =  |𝑝 × ?⃗? |  = 4𝜋𝜀0(𝛼ǁ  −  𝛼⊥)𝐸
2 sin 𝜃 cos 𝜃           (3. 7) 
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where d is the nanotube diameter, l is its length and Re(CM) is the real part of the Clausius-Mossotti 
factor. CM is a complex term derived by permittivity of the involved species, here for example the  
𝜀𝑠𝑜𝑙
∗  and 𝜀𝑛𝑡
∗  are the real relative permittivity of the solvent and solution. L is the depolarization 
factor (typically around 0.2 for CNTs), E is the electric  field  applied, 𝜀0 is  the  permittivity  of  
free  space  (8.854x1012 F /m), αǁǁ   and α⊥ are  respectively  the  polarizabilities  of  the  nanotube  
in  the  axial  and  radial  directions  (Fig.2.4) and  θ  is  the  angle  between  the  nanotube  axis  
and  the  applied electric  field. The magnitude  of  the DEP  force  experienced  depends  on  the  
diameter and  length of  the nanotubes and  the  relative permittivity of  the solvent  in which  they 
are dispersed. Also, the force is proportional to the gradient of the square of the electric field, and 
not the magnitude of electric field itself. This means that a non-zero ∇E2 is necessary for the 
nanotubes to experience a DEP force, which is always true in the case of a non-uniform electric 
field. Moreover,  the effectiveness  of  DEP  in  relation  to  the other particle displacement 
mechanisms is dependent on the characteristic length of the samples, which  is defined  as  the  
typical  size of  the  particles  and  the  gap  between  the electrode  structures  used  for DEP.  The  
real  part  of  equation 3.6,  contained  in  the  square  parenthesis,  is  called  the Claussius-Mossotti 
factor, which is a pre-factor to the gradient of the square of electric field. CM depends on the 
complex permittivities of both the particle and the medium which can be expressed as: 
 
𝜀𝑥
∗ = 𝜀𝑥 −
𝑖𝜎𝑥
𝜔
 (3. 8) 
 
where,  ε  is the real part of the relative permittivity,   i =  √−1,  σ is the conductivity and ω is  the  
angular  frequency  of  the  applied  field. Consequently, the nanotubes can be assembled  
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Fig.2.4: The polarizabilities of  a CNT in the  radial and axial directions. Typically for SWCNTs,  
αǁ >>α⊥ (Kozinsky & Marzari 2006)  and  hence  the  torque  experienced  by  a  nanotube  in  a  
non-uniform electric field aligns it along the axis of its length.     
 
Fig.2.5: Particle displacement in 1 second versus the characteristic length of the CNT (Castellanos 
et al. 2003).   
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either in the positive or the negative DEP regime by appropriately changing the frequency of the 
applied field. The DEP force can be either positive or negative in terms of the CM factor which is  
dependent on ε and σ. CM of semiconducting SWNT is too small and hence their influence is 
minimized (Ishikawa et al. 2008). However, CM of metallic SWNT is always positive and in 
particular frequency range (Ishikawa et al. 2008), one can expect the dominance of positive DEP 
system. In the high and low frequency limits it follows from equation:  
 
𝑅𝑒(𝐶𝑀) = {
𝜎𝑛𝑡 − 𝜎𝑠𝑜𝑙
𝜎𝑠𝑜𝑙
, 𝜔 → 0
𝜀𝑛𝑡 − 𝜀𝑠𝑜𝑙
𝜀𝑠𝑜𝑙
, 𝜔 → ∞
 
(3. 9) 
 
In the low frequency limit the force is independent of the frequency (boundary condition for static 
E field) as well as of the permittivity of the nanotube (𝜀𝑛𝑡) and the medium (𝜀𝑠𝑜𝑙). In high frequency 
regime, the force will be dependent on the permittivity of the nanotube with respect to that of the 
medium. The frequency dependent factor will be of the order of 1-1000 and will therefore be 
playing only a minor role, compared to the lower frequencies. In the intermediate frequency 
regime, however, it is often possible to control the magnitude and direction of the force by orders 
of magnitude by varying the frequency of the field (Ishikawa et al. 2008).  
The aligning torque experienced by the CNTs is proportional to (αǁ ǁ −α⊥) as shown Fig.2.4. The 
polarizability of the nanotubes  in the axial direction is much  greater  (in  most  cases,  at  least  
two  orders  of magnitude  greater)  than  their polarizability  in  the  radial  direction (Kozinsky & 
Marzari 2006).  Hence, the torque experienced by the nanotubes helps in aligning them horizontally 
along the axis of their length in the DEP field. It  has  been  reported  that  for  characteristic  lengths 
less than 10 microns, the displacement of a particle due to the DEP force is much more significant 
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than the particle displacement mechanisms like Brownian motion, buoyancy or  gravity 
(Castellanos et al. 2003) as shown in Fig.2.5.  Electro-osmosis (at 1 kHz) can be a significant effect, 
however for the  frequencies  of  the  electric  field  we  use  in  our experiments  (typically  a  few 
MHz), we  see  that  the  effect  of  electro-osmosis  is  also much less significant than DEP.  
2.3.2. Langmuir-Blodgett technique 
The water-calming effect of spreading of oil on water surfaces was a common traditional 
knowledge of fishermen and sailors from ancient times. However, scientifically it was an American 
statesman, Benjamin Franklin who in 1774 first described the quantitative observations in his report 
to the British Royal Society (Ramsden 1903). Following Franklin's experiments, more than a 
century passed before Lord Rayleigh in 1890 tried to accurately calculate the amount of oil required 
to cover the surface of clean water (Rayleigh 1889). Irving Langmuir was the first to perform 
systematic studies on floating monolayers on water in the early part of the 19th century which got 
him the Nobel Prize for chemistry in 1932. Then in 1934, along with Katharine Blodgett, he 
developed the technique to transfer monolayer assemblies on solid substrates known as Langmuir-
Blodgett films (LB). 
During the last two decades, there is a renewed interest in the field of LB research due to extensive 
research in the field of molecular materials for electronics and its beahviour at nanometer scale. 
LB technique can precisely manipulate molecules trapped at an interface and accurately controled 
the layer thickness as this technique involves the deposition of one monolayer on top of another. 
The film thickness can therefore be controlled to within one monolayer precision. This has made 
the LB process a valuable technique in the field of nanoscience where molecular devices such as 
gas sensors, photoconductors and optical devices can be constructed with great precision (Petty 
1996). Although, ordered films can also be synthesized by several other methods, compared to LB 
technique this can be more complex,  
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Fig.2.6: Schematic phase diagram of surface pressure versus area per molecule in  Langmuir film 
showing differetn phases like solid, liquid and gas during Langmuir-Blodgett process. 
expensive, time consuming and with lower througput for commercial application. Further aspects 
and possibility of manipulation of molecules on a subphase is discussd briefly within the following 
sub-sections.  
2.3.2.1. Floating monolayer and pressure measurements 
Molecules suitable for LB film deposition must have amphiphilic properties. Amphiphilic 
compounds are mostly used as detergents because of their cleaning properties and their mechanism 
of cleaning is well known. It is based on the fact that amphiphiles have two parts. A  
polar  part (hydrophilic) at one end and a non polar part (hydrophobic) on the other. The “water 
loving” hydrophillic groups are typically carboxylic acids, sulphates, amines and alcohols while 
the “water hating” hydrophobic groups are generally hydrocarbon chains, fats and lipids. This 
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property makes the molecule float at the air water interface (Petty 1996). When such an amphiphile 
is dropped on a water surface the polar end is attracted to the water while the non polar end is 
repelled. The structure of the film and the orientation of the molecule depends on the area available 
for each molecule. The area and therefore the pressure can be varied with the aid of a movable 
barrier. When a three dimensional gas is subjected to pressure, it eventually condenses to liquid 
and finally to a solid. Similarly, a two dimensional Langmuir film exhibits different phases based 
on the applied pressure. The effects of the applied pressure are illustrated in a schematic in Fig.2.6. 
For a gaseous phase in absence of any short or long range order, the molecules are highly disordered 
with little interaction between the molecules. As the area is decreased with increase in pressure, a 
phase transition occurs to a liquid like phase. A liquid phase is compressible and exhibits a short 
range order. Further reduction in area compresses the liquid like film into a solid like phase thereby 
bringing the molecules closer such that they arrange straight beside each other since the area per 
molecule becomes independent of chain length. Therefore, the application of pressure effectively 
changes the area available for each molecule.  
2.3.2.2. Isocycles and target pressure 
The surface tension of liquid results from an imbalance of intermolecular attractive forces 
experienced by the molecules at the liquid air interface compared to the molecules in bulk liquid 
which experiences a balanced net force. Surface pressure is a result of a subtraction of surface 
tension of solvent and solvent with compound of interest applied at the interface. The only 
parameter that varies during the experiment is surface tension (γ) due to changes of available area 
per molecule. The most common method to monitor the variation of the surface pressure is the 
Wilhelmy balance technique which consists of a thin plate, usually chromatography paper, glass, 
quartz, mica, or platinum, suspended in such a way as to cross the gas/liquid interface. The forces 
acting on the plate are related to gravity and surface tension. The spreading of amphiphiles on the  
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Fig.2.7: Transfer of nanapartcile monolayers on to a solid substrate by Langmuir-Blodgett 
technique at constant surface pressure. 
water subphase affects the surface tension and consequently the force acting on the plate. The 
resulting variations are recorded as a plot of surface pressure vs. water surface area available per 
molecule. Preferably the speed of barrier movement should be as slow as possible. In such a case 
the system is as close to equilibrium as possible. The pressure should not be so high as to collapse 
the layer as this means that molecules can be forced into the subphase or that the molecules can 
form aggregates.  
2.3.2.3. Deposition on a solid substrate  
Two main complementary techniques used for the transfer are Langmuir-Blodgett where the 
substrate is oriented vertically to water surface (Blodgett 1935; Blodgett & Langmuir 1937) and 
Langmuir-Schaeffer where the substrate is oriented parallel to the water surface (Langmuir 1938). 
The transfer occurs during down and up stroke of the solid wafer in case of hydrophobic or 
hydrophilic substrates, respectively. During the process the surface pressure is constant. The  
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Fig.2.8: Different pattern of deposition by Langmuir-Blodgett technique: (a) X-deposition (b) Y-
deposition (c) Z-deposition.  
novel equipment might automatically compress film to balance the effect of decreased amount of 
the compound on the surface of water. Amphiphilic molecules are pushed onto a solid substrate 
with constant force (Fig.2.7). Consecutive steps of descending and ascending of the substrate might 
lead to deposition of up to tens of layers. The LB transfer could be affected by several factors like 
the nature of the molecule under investigation, temperature, surface pressure, substrate, speed of 
deposition, time interval between deposition cycles etc. During deposition of several layers three 
main types of deposition are observed (Fig.2.8). The most common are films  
Y, where layers are deposited during both down and up-stroke. In such a case the orientation of 
consecutive layers ensures the maximal stability of multilayer coverage. The molecules from 
neighboring layers interact via compatible parts, i.e. hydrophilic heads or hydrophobic tails. The 
nature of the solid substrate (hydrophobic or hydrophilic) affects only the orientation of the first 
layer. The films Z and X are deposited only during down-stroke and up-stroke, respectively.  
2.4. Behavior of nanoparticles at interfaces 
Micro particles in two immiscible phases have been investigated (Y Lin et al. 2003; Pieranski 1980) 
since beginning of 19th century. The desorption energy which is directly related to the  
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Fig.2.9: Changes of wettability of solid particles at the oil/water interface at contact angles >90° 
and <90°. Reproduced from (Böker et al. 2007). 
stability of emulsions depends on the particle size, particle–particle interaction and of course 
particle-water and particle-oil interactions (Yao Lin et al. 2003; Dai et al. 2005). It is well 
established that the localization of a nanoparticle at the water-oil interface is driven by the reduction 
of interfacial energy which depends on the effective nanoparticle radius of r and the surface tension 
γ of the two phases which can be described by the equation below: 
 
𝐸0 − 𝐸1 = 𝛥𝐸1  = −
𝜋𝑟2
𝛾𝑜/𝑤
∙ [𝛾𝑜/𝑤 − (𝛾𝑝/𝑤 − 𝛾𝑝/𝑜)]
2
 (3. 10) 
 
The particle/oil interface (γp/o), particle/water interface (γp/w) and oil/water interface (γo/w) 
contributes to the change in the interfacial energy. The stability of the particle is determined by the 
square of the particle radius. For microscopic particles the decrease in the total free energy is much 
larger than thermal energy (~ few KBT) leading to stable confinement at interfaces while the change 
in free energy for nanoparticles are comparable to thermal energy, therefore nanoparticles are easily 
displaced from the interface.  
The particle penetrates the interface when |γp/o − γp/w|/γo/w < 1. If the particle is hydrophilic but still 
γp/o < γo/w + γp/w, the particle will localize at the interface from the water side with contact  
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Fig.2.10: Behavior of nanoparticles at interfaces (a) 0D particle orientation at interface of two 
immiscible liquid (b) 1D particle orientation at interface of two immiscible liquid (c) Relative 
stability of non-spherical nanoparticles at fluid interfaces depending on the particle shape and 
orientation. Reproduced from (Böker et al. 2007; Bresme & Oettel 2007). 
angle θ>90°, in order to remove some contact area between oil and water. If the particle is 
hydrophobic, but still γp/o < γo/w + γp/w, it will localize from the oil side with contact angle θ<90°, 
and penetrates the interface in order to diminish oil/water contact. Both these events represent the 
classical phenomenon of incomplete wetting as shown in Fig.2.9. 
The shape and size of the nanoparticle plays an important role in its stability. A   spherical 
nanoparticle at the interface with a contact angle θ=90° (Fig.2.10a), distributes itself 
homogeneously between two interfaces. However, for contact angles other than 90° (Fig.2.10a), it 
is biased to one of either phases. As mentioned in equation 3.10, the nano particle has to overcome 
the energy ΔE1 to move from the bulk though the sub-layer towards the interface. For 1D 
nanoparticle like CNTs, it can position itself in one of the following configuration at the interface 
with respect to its major axis: homeotropic, planar and oblique as shown in Fig.2.10b. It  
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Fig.2.11: Energy profiles of different contributions like hydration, line tension, external field and 
interfacial tension compared to the total energy profile on the nanoparticle at liquid-liquid 
interface (Flatté et al. 2008). 
is clear from the (Fig.2.10c), that the planar is the most favorable position energetically. Hence, 
the orientation and aspect ratio of 1D nanoparticle plays a decisive role for alignment at the 
interface.     
The various forces acting at the interfaces on a spherical particle would be the van der waals forces, 
surface tension, line tension, solvation forces, capillary forces, electrostatic interaction, Brownian 
motion, effect of any external field etc. Fig.2.11 shows the influence of different forces at the 
interface and their resultant effect. The most significant observation from these energy profiles is 
that all these forces becomes unstable and changes abruptly close to the liquid-liquid around the 
interface. Line tension and hydration forces show an increase while interfacial tension and external 
field shows a decrease in potential energy. This is expected due to the difference in  
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Fig.2.12: Schematic showing percolation behavior of CNTs with a 2D stick model within an unit-
square where the alignment leading to a percolation behavior is determined by the concentration 
i.e. number of sticks and the angle θ. (a) 50 sticks randomly distributed do not exhibit a percolation 
path; (b) 100 sticks  highly aligned do not exhibit a percolation path; (c) 100 sticks with partially 
aligned and randomly distributed exhibit a percolation path  highlighted by the yellow area. 
Reproduced from (Du et al. 2005). 
several physical properties of the two liquids at the interface such as surface tension, conductivity, 
permittivity, viscosity etc. In most cases, extra amount of energy is required for a particle to move 
from one phase to another phase or to make the particle stable between two interfaces. This open 
opens a new opportunity window for engineering for nanoparticle at liquid-liquid interfaces for 
developing material with dynamic properties for advanced applications.  
2.5. Dependencies of aligned carbon nanotubes and possible applications 
One of the most important aspect of nanotube films considered for device application is that their 
resistivity depends strongly on nanotube and device parameters due to percolative conduction 
through the film (Snow et al. 2003; Hecht et al. 2006). The alignment of nanotubes within the CNT 
films significantly affects its percolation resistivity. Electrical conductivity follows power law 
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dependence in alignment as well as concentration for CNTS in polymer matrix (Du et al. 2005). 
The optimum electrical conductivity at a fixed concentration and fixed aspect ratio is not observed 
for isotropic material. In an electrical conductivity study of SWCNTs composite fibers (Du et al. 
2005), it was observed that above  critical nanotube concentration, the nanotube network exhibits 
a macroscopic direct electron transport.  
The schematic Fig.2.12 illustrates different percolation behavior with respect to rod like filler 
loading and alignment. A unit square containing 100 sticks placed partially aligned and distributed 
randomly with respect to position and orientation exhibits a percolation pathway (Fig.2.12 c). 
However, when the number of sticks is decreased to 50 (Fig.2.12a) or if the 100 sticks are 
preferentially aligned (Fig.2.12b) the percolation pathway is destroyed. Highly aligned sticks fail 
to create percolation paths because the sticks seldom intersect each other (Du et al. 2005). 
Maximum, electrical conductivity exist (Fig.2.12c) for concentration <3 wt % with slightly 
anisotropic composites which forms more percolated pathways than isotropic composites. 
2.6. Applications of aligned carbon nanotubes 
The one dimensional character of CNTs leads to extremely anisotropic mechanical, electric, 
magnetic, and optical properties and mostly their properties along the tube axis are better than that 
perpendicular to the tube axis orientation (Ma et al. 2011). For instance, the mobility is  fiftyfold 
higher for aligned SWCNTS arrays based thin film transistors (TFTs) compared to  randomly 
SWCNTs network based TFTs (Cao et al. 2006).  Alignment of CNTs is particularly important to 
enable both fundamental studies and applications such as on-off state devices (Rueckes et al. 2000), 
optical antennas(Wang et al. 2004), polarizers (Murakami et al. 2004), water-desalinization 
systems, cold-cathode flat panel displays and vacuum microelectronics (Li & Zhang 2007).  
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2.7. Challenges in alignment and orientation of carbon nanotubes 
Like any other material, CNTs require efficient and scalable processing methods and commercial 
development requires these methods to be compatible with existing manufacturing platforms such 
as semiconductor processing (Hart et al. 2012). Although, several breakthroughs have been 
achieved after two decades of research into the area, their reproducible dispersion, positioning and 
alignment at nano scale still remains a challenge. A stable and homogeneously dispersed CNT 
solution is the most critical prerequisite for post alignment of CNTs. During CNT assembly by 
electric field in a fluidic medium, CNTs experiences several kinds of forces such as viscous force, 
gravity, VDW forces, Brownian motion and electrostatic repulsion. Even though, individually each 
of these redundant forces are not dominant, but their collective effect becomes critical with 
reduction in nanoparticle size and electrode structures.  
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Chapter 3: Materials and methods 
 
In this chapter materials and methods used for the experiments will be reported. The procedure for 
the performed experiments can be divided into the several sections. Section 3.1 deals with the 
dispersion of the CNTs and different ways of CNTs functionalization both in aqueous and non-
aqueous solution using various types of surfactants. In section 3.2 different types of alignment 
techniques and their modifications used in this work will be discussed. Section 3.3 the equipments 
used for the characterization of the samples.  
 
3.1. Functionalization of CNTs 
Both SWCNTS and MWCNTs were used for functionalization studies in this work.  
3.1.1. Carbon nanotubes  
The SWCNTs produced by pulsed laser evaporation method were provided by Fraunhofer IWS 
Dresden. MWCNTs used only for functionalization studies were purchased from NanocylTM 
(Belgium) in powder form with an average diameter and average length of 9.5 nm and 1.5 μm, 
respectively. The chemicals used for CNTs functionalization were obtained from Sigma Aldrich, 
Germany and used as received. 
3.1.2. Functionalization and dispersion of carbon nanotubes in water 
Small quantity of SWCNTs was weighed and dissolved in 1 ml of 1w% surfactant e.g. sodium 
taurodeoxycholate hydrate (TDOC). This was ultrasonicated for 10 minutes (5 second pulse, 1 
second pause) at 13% amplitude in an ice bath using a tip sonicator (Branson Digital Sonifier 250-
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D). Further this solution was ultracentrifuged at 100,000 rpm for 1 hour at 20°C. Finally, the upper 
80% of the supernatant was decanted. Different dilutions were made to analyze the dispersion using 
UV-vis, Raman spectroscopy and atomic force microscopy (AFM). Bio-functionalization of 
MWCNTs was done with M13mp18 ss-DNA with 250 μg/ml concentrations purchased from New 
England BioLabs. This DNA is 7249 bp in length and kept in TAE (Tris-acetate-EDTA) buffer 
with pH=8. Each liter TAE buffer was prepared from 40mM Tris, 2 mM EDTA and 20 mM Acetic 
acid in double distilled water and adjusted to 8 pH with NaOH. Functionalization of MWCNTs 
was done by adding 1mg MWCNTs with 1% wt./w surfactant decyltrimethylammonium bromide 
(CTAB) . Dispersion of MWCNTs in aqueous solution was carried out with a tip sonicator (5 
second pulse, 1 second pause) for 10 min at 8% amplitude. Sonication process was followed by a 
centrifugation step for 45 min at 15000 rpm to separate the larger aggregates from the dispersion. 
After centrifugation, the upper 80% of the supernatant was decanted for further investigations.  
For the bio-functionalization experiments long chained M13mp18 ss-DNA (7249 bp) with 110 nM 
(New England BioLabs) was dispersed in tris-acetate-EDTA (TAE) buffer with adjusted pH=8. To 
facilitate dispersion of MWCNTs and attach the ss-DNA on its side walls, CTAB surfactant (1% 
wt/wt) was added to TAE buffer. Suspension of 1 mg/ml of MWCNT in CTAB/TAE buffer was 
prepared and 50 μl of M13mp18 was added to this solution. Thus, DNA chains were attached to 
the CTAB covered MWCNT surface. Supernatants of these solutions containing hybrid complexes 
of MWCNT-CTAB-DNA were characterized using different characterization methods as 
mentioned in section 3.3. 
3.1.3. Functionalization and dispersion of carbon nanotubes in solvent 
For a stable homogenous dispersion of SWCNTS in solvent, 1 mg of purified SWCNTs and 0.5 
mg Poly m-phenylenevinylene-co-2,4-dioctoxy-p-phenylenevinylene (PmPV) were added to 10 ml 
1,2-dichloroethane (DCE) and sonicated at 20% amplitude (5 second pulse, 1 second pause) for 30  
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minutes with a tip sonicator in an ice bath. The suspension was then ultra-centrifuged at 12500k 
rpm for 30 minutes. The collected upper 80% of the supernatant was further sonicated for 10 
minutes and filtered through a Teflon filter paper (200 nm pore) and then re-suspended in fresh 
DCE solution by brief sonication. The filtration and re-suspension steps were repeated several 
times until excess PmPV was removed from the DCE solution. Finally, the resulting nanotube 
suspension was again ultra-centrifuged at 12500k rpm for 30 min to remove the left over sediment 
if any and the upper 80% of the supernatant was collected for making SWCNTs Langmuir–
Blodgett films. 
3.2. Alignment techniques for Carbon nanotubes 
3.2.1. Fabrication of electrodes by lithography 
Gold micro electrodes with 5 µm gaps (Fig.3.1a) were lithographically patterned on silicon 
substrate with 100 nm silicon oxide. SWCNTs were aligned between the electrode gaps using 
dielectrophoresis.   
 
Different electrode configurations were used for experiments. The fabrication of the 
microelectrodes was done using either optical lithography or laser lithography. The choice of 
lithography was made according to the requirements of the experiments, electrode designs and type 
of substrate. Substrates of silicon and glass measuring 15mmx15mm and 50mmx25mm were used 
to pattern the microelectrodes. Both types of lithography were done using similar recipes. Fig.3.1b 
shows the finger electrode array structure with several parallel and perpendicular electrodes having 
different electrode pair distances. The substrate was pre-cleaned with Piranha solution (3:1 mixture 
of concentrated H2SO4 and H2O2) and then dried with a nitrogen stream. Then, the substrate was 
spin-coated on a vacuum chuck with a positive photo resist (AR-P 5350, Allresist) with 6500 rpm 
to obtain a thickness of 800 nm, followed by  
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Fig.3.1: Different electrode structures used for the experiment. (a) Three different types of 
electrodes were used in (a) finger electrode structure (b) parallel and perpendicular electrode 
array with varying electrode distances. 
 
subsequent heating on the hotplate at 105°C for 4 minutes. The exposure with optical lithography 
(MJB4, Karl Suss Microtec) was performed with a mercury lamp as UV source with a wavelength 
of 365 nm for 1.5 s. The laser lithography (DWL66fs, Heidelberg Instruments) exposed the photo 
resist using a 4 mm write-head with a wavelength of 405 nm. The structures were developed for 
60 s in diluted developer (1 part developer, 2 parts water). 3 nm thick chromium layer (for better 
adhesion) followed by 20 nm gold (electrode material) were thermally evaporated on the substrate. 
The lift-off was done in 1-Methyl-2-pyrrolidinone (NMP 99.5%, Sigma Aldrich) using mild 
sonication for 2 minutes.   
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3.2.2. Dielectrophoresis   
Few µl of the SWCNTs dispersion was drop casted over the electrodes. Electrical signal of 10 MHz 
and 8 V was applied across the electrodes for few minutes. Later the drop was blown off with 
nitrogen and the sample was washed with distilled water before drying it with nitrogen. The sample 
was finally investigated using AFM to investigate the aligned SWCNTs. 
3.2.3. Langmuir-Blodgett films 
Langmuir–Blodgett technique was used to obtain large scale alignment of SWCNTs. Gold 
electrodes were fabricated using optical lithography (section 4.2.1) on a silicon substrate with 150 
nm oxide. The LB trough was filled with double distilled Millipore water and the silicon substrate 
was dipped into the LB trough. About 300 µl of the prepared SWCNTs suspension was spread 
gently over the water surface on the trough with the help of a syringe. The system was left 
undisturbed for the next few minutes to allow the evaporation of the solvent from the water surface. 
A filter paper (Wilhelmy plate) was used to monitor the surface pressure during compression of 
the floating SWCNTs on the water subphase by moving two barriers towards each other. At a target 
surface pressure of 20mN/m, the SWCNT film was compressed to form a dense film over the water 
subphase. The compression was carried under pressure cycling (i.e. compression-retraction-
compression cycles) with gradual increase in surface pressure till the target was reached which 
significantly reduces hysteresis. The dense monolayer LB film was then transferred on to the 
silicon substrate by gradually pulling the substrate out of the aqueous subphase.  In the modified 
version of this technique used in this work, the LB process was further aided with simultaneous 
DEP process in section 4.3.     
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3.3. Characterization techniques 
3.3.1. Atomic force microscopy 
AFM (Vecco NanoProbes) is most commonly used for high resolution topographical image of 
objects with resolution up to few nanometers. Very small amount of CNT suspension was drop 
casted on Si wafer coated with 10 nm gold. This was left for 5 minutes to get adsorbed on the Si 
surface, before removing the excess suspension with a nitrogen stream. Finally, the Si substrate 
was put on a hotplate for 15 minutes at 40°C for drying.    We used the non contact tapping mode 
with silicon tips.  The images were analyzed with the help of the software WSxM. (Nanotech 
Electronica S.L.). 
3.3.2. Scanning electron microscopy 
Scanning electron microscopy (SEM) is a useful method to investigate the topography and 
morphology of conductive samples using back-scattered electrons (Goldstein et al. 2003). It can 
give resolution up to few nanometers. The surface of the sample is scanned with energetic electron 
beams and the sample-beam interactions are detected by different detectors. The main signals 
detected by the SEM are backscattered electron and secondary electrons. SEM has an electron gun 
emitting a high energy electron beam in a highly vacuumed chamber to avoid collision of electrons 
with air molecules. The beam passes through a series of magnetic lenses which focus these 
electrons to a very fine spot. The secondary electrons emitted from the focused spot of substrate 
are collected by the detector and are then used to form the image. The samples were mounted on a 
sample holder for SEM characterization. Silicon substrates were investigated without any further 
coating but glass substrates were thermally coated with 3 nm chromium due to their poor 
conductivity. SEM images were taken either using the Philips XL 30 ESEM-FEG or the Zeiss DSM 
982 Gemini. Depending on the sample, the acceleration voltage was chosen between 1 kV and 5 
kV. 
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3.3.3. Transmission electron microscopy 
The transmission electron microscope (TEM) uses a high energy electron beam that passes through 
a very thin specimen in a vacuum chamber. This generates a voltage difference between the cathode 
and ground without producing any arc and also increases the mean free path of electrons within the 
TEM chamber. The principle of TEM is similar to an optical microscope however it uses 
electromagnetic lenses to focus the electrons into a very thin beam and images were recorded by a 
fluorescent screen. Small amount of sample solutions were adsorbed on TEM grids for few minutes 
and dried for 15 minutes at room temperature. The samples were investigated by JEOL 2010F.  
3.3.4. UV-vis 
The dispersed SWCNTS were characterized using Cary 50 Bio UV-Visible Spectrophotometer. 70 
µl of solution diluted 1:10 was pipette out into a cuvette and radiation in the wave-length range of 
1100 nm - 300 nm was passed through the sample in aqueous medium and the absorption 
coefficient at each wavelength was measured. Each molecule in solution has a unique absorption 
spectra depending upon its molecular electronic structure.  
3.3.5. Raman spectroscopy 
Raman effect is based on the inelastic scattering of photons by molecules and is one of the most 
powerful tools for characterization of CNTs. Without sample preparation, a fast and non-
destructive analysis is possible (Kordas et al. 2006). The two most important features in the Raman 
spectra of CNTs: the radial breathing mode (RBM) and the tangential mode.  RBM mode is a low-
frequency peak between 120 and 260 cm-1 characteristic of the SWNT whose frequency depends 
essentially on the diameter of the tube.   In the tangential mode there are two peaks in the range of 
1285-1300 cm-1 and 1305-1330 cm-1 known as D-band (Baughman et al. 2002). Peaks at 1553 and 
1589 cm-1 area called G-band [8]. D-band is considered to characterize the purity of SWNTs. Two 
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most intensive G peaks of SWNTs can be found at 1587 cm-1 assigned to semiconducting at 1592 
cm-1 assigned to metallic CNTs.  So, the line shape of G-band can be used for characterization of 
disorder degree of CNTs. 20 µl of dispersed CNT suspension was drop casted on a Si substrate and 
left to adsorb on the surface for few minutes before drying with a nitrogen stream. Raman 
spectroscopy was performed using the Raman Imaging Microscope System Alpha300R (WITec 
GmbH, Ulm, Germany) with a laser wavelength of 532 nm. The laser power was of 0.1 mW and 
the samples were measured with an objective with 20x magnification. The integration time was of 
0.5 s for one single spectrum, which was accumulated 500 times. All spectra were smoothed by the 
Savitzky-Golay method. 
3.3.6. Contact angle measurement 
Contact angle is a quantitative measure of wetting of a solid by a liquid. Geometrically it is the 
angle formed by a liquid at the three-phase boundary where a liquid, gas and solid intersect. It can 
be defined as the angle between the tangent to the liquid-fluid interface and the tangent to the solid-
fluid interface. The contact angle determines the resultant between adhesive and cohesive forces. 
A low contact angle (θ<90°) usually indicates that wetting of the surface is very favorable and the 
fluid will spread over a large area. While high contact angles (θ>90°) generally indicate that wetting 
of the surface is unfavourable so the fluid will minimize contact with the surface and form a 
compact liquid droplet. Therefore, the contact angle provides an inverse measure of wettability of 
a surface. The wetting behaviour of the modified CNTs dispersion was measured at a fixed particle 
layer by means of a modified Wilhelmy method using a dynamic contact angle meter and 
tensiometer DCAT21 (DataPhysics, Filderstadt, Germany). The contact angles for water 
(Millipore, Milli-Q) were obtained from the mean value of advancing and receding angle. 
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3.3.7. IV characterization 
Aligned CNTs between the source and drain electrodes conduct current when voltage is applied 
between the electrodes. A gate electrode is used to modulate the current within the CNT channel. 
Two point room temperature current voltage characteristics were recorded using a Keithley 2602 
digital source meter unit. The devices were connected to the measurement device using probe 
station manipulators.  
3.3.8. Simulation tools   
COMSOL Multiphysics is a general-purpose software platform based on advanced numerical 
methods, for modeling and simulating physics-based problems. This software is useful for studying 
coupled or Multiphysics phenomenon and comes with a powerful integrated environment designed 
for cross-disciplinary product development with a unified workflow, regardless of the application 
area. This software was extensively used to model and calculate the electric field for alignment at 
interface studies.   
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Chapter 4: Results 
 
In this chapter we discuss the important results obtained during the course of this scientific work. 
This chapter is principally divided into three sections. Section 4.1 deals with hybrid bio-
functionalization of carbon nanotubes. During the past decade lot of work was dedicated to 
investigate non-covalent bio-modification of SWCNTs while bio-functionalization studies of 
MWCNTs have been limited, although, MWCNTs could represent an alternative solution for 
biomedical and nano electronic application since they are cheap, highly pure, less toxic and have 
higher electrical conductivity. In this section we discuss the strategy developed for bio-
functionalization of MWCNTs. Further optimization of dispersion parameters and bio-
functionalization of MWCNTs will be discussed along with ss-DNA - MWCNTs interactions.  
Section 4.2 deals with interface assembly of carbon nanotubes. Alignment at interfaces has several 
advantages and great potential applications across various domains as discussed in details under 
section 3.1.2. The main challenges of interface alignment lies in the reproducibility, scalability and 
tight control of the nanoparticles at the interface. Here, we have developed a strategy by using a 
modified dielectrophoresis method to perform alignment of SWCNTs at the interface. The findings 
of this advanced strategy are discussed here. Section 4.3 covers the topic of large scale assembly 
of carbon nanotubes. In this section the alignment of CNTs are demonstrated using DEP and LB 
techniques. However, since these standard techniques are incompatible for large scale assembly 
of CNTs, a new strategy called as LB-DEP is developed using the combination of the above 
mentioned standard techniques. The findings from this LB-DEP technique are discussed here in 
details.  
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4.1 Hybrid bio-functionalization of carbon nanotubes 
CNTs as multi-functional nanomaterials have attracted much attention from both academics and 
industry due to their versatile properties making them fit for various applications ranging from bio-
inspired to nano electronics and sensors to biomedical applications, e.g. drug delivery. One of the 
main challenges for integration of CNTs into the biological environment is their uniform dispersion 
in physiologically relevant liquid medium, i.e. water based buffers and stable biochemical 
functionalization. It is well known that CNTs exhibit poor solubility both in aqueous and non-
aqueous solutions due to their hydrophobicity (Terentjev & Huang 2008). VDW interaction 
between tubes in aqueous solution results in their aggregation into micrometer sized bundles. 
Significant efforts have been devoted to find appropriate methodologies to solubilize pristine 
nanotubes in different solutions to prepare individually dispersed tubes (Rastogi et al. 2008; Clark 
et al. 2011). Stable dispersions of nanotubes and their functionalization can be achieved using 
surface active agents covalently or non-covalently attached to CNT surfaces as discussed in 
section1.6 and 1.7. In contrast to the covalent methodology that leads to disruption of the surface 
changes and the mechanical and electrical performance of the nanotubes, the non-covalent one 
represents a versatile, quick and straight forward technique for dispersion of CNTs (Huang et al. 
2006). Mostly SWCNTs have been investigated for high end application in electronics and biology, 
while the MWCNTs have been largely limited to bulk composites (Andrews et al. 2002). Whereas 
a lot of work was dedicated to investigate non-covalent bio-modification of SWCNTs, e.g. by 
nucleic acids (Zheng et al. 2003), biofunctionalization studies of MWCNTs have been limited, 
which restricted the range of their potential applications. Remarkably, MWCNTs could represent 
an alternative solution for biomedical and nano electronic application since they are cheap, highly 
pure, less toxic (Jia et al. 2005) and have higher electrical conductivity (Sulong et al. 2009). 
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Fig.4.1: (a) Schematic representation of MWCNTs, ss-DNA, surfactant molecules and their 
interaction with solution, (b) interaction of MWCNTs with cationic surfactant molecules, (c) 
probable interaction of MWCNTs with ss-DNA and (d) simultaneous interaction of all three 
components which form hybrid structure through attachment of ss-DNA to the hydrophilic head of 
the cationic surfactant, while the surfactant’s hydrophobic tail is adsorbed on the MWCNT side 
walls. 
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4.1.1 Strategy developed for hybrid bio-functionalization of multi-walled 
carbon nanotubes 
Non-covalent functionalization of MWCNTs can be realized using various surfactants or flexible 
polymers such as ss-DNA, which get adsorbed on the sidewalls of CNTs without disturbing the π-
system of the walls (Sánchez-Pomales et al. 2010). Here we focus on developing a hybrid non-
covalent strategy for functionalization of MWCNTs, which combines the use of both surface active 
agents and ss-DNA strands assembled as a sandwich on the surface of nanotubes. Our approach is 
conceptually summarized in Fig.4.1. Once dispersed in solution, these components interact with 
each other forming small and stable nano assemblies (Fig.4.1b). MWCNTs are functionalized by 
adsorption of surfactants (Fig.4.1c) and ss-DNA (Fig.4.1d) on their outer walls. Simultaneous 
interaction of MWCNTs with surfactants and ss-DNA molecules leads to formation of hybrid 
structures (Fig.4.1e) with biochemical functionality to the CNT complexes. While the strategies 
presented in Fig.4.1c and Fig.4.1d were reported previously (Zheng et al. 2003), a hybrid approach 
to functionalize MWCNTs by immobilizing ss-DNA on the top of the surfactant layer (Fig.4.1d) 
represents a new technological step (Sanz et al. 2011) and still requires deeper analysis and 
optimization. 
In our investigations of MWCNTs hybrid complexes consisting of surfactants and nucleic acids 
we make an emphasis on the following aspects: (i) investigation and optimization of non-covalent 
dispersion of MWCNTs by ionic surfactants (ii) functionalization of dispersed MWCNTs with 
nucleic acid. Firstly, in order to determine the parameters governing the de-bundling and 
solubilization process, a systematic study for solubility of MWNTs in a variety of surfactants was 
performed. Further, we investigate the interactions of ss-DNA fragments with the MWCNTs 
surface with different parameters using microscopy techniques. 
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4.1.2 Optimization of MWCNTs dispersion parameters 
Optimization of sonication parameters was done using Sodium dodecyl sulfate (SDS) by tuning 
the effects of duration and amplitude. Table 4.1 summarizes the parameters for sonication with the 
final length and diameter of the tubes after centrifugation. Two samples with the same sonication 
time of 20 min were prepared with different tip amplitude of 22% and 8% followed by 
centrifugation at 15000 rpm for 45 min.  
Fig.4.2 displays AFM images of samples investigated in table 4.1 showing the resulting MWCNTs 
obtained after processing steps described above. With higher sonication amplitude, the tubes turned 
out to be shorter with an average diameter of approximately 3 nm, while for lower amplitude 
(Fig.4.2b) longer tubes with larger diameter were obtained. 
Table.4.1: Comparison of length and diameter of dispersed MWCNTs under different sonication 
conditions. 
 
The reduced diameter is due to the exfoliation of the outer shells of the nanotube. Finally, Fig.4.2 c 
shows the nanotubes with the resulting average length greater than 1 µm and average diameter of 10 
nm, which were obtained in gentle sonication conditions (8% amplitude and 10 minutes 
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Fig.4.2: AFM images of SDS–MWCNTs after sonication with different amplitude and sonication 
time (a) 22%–20 min, (b) 8%–20 min, (c) 8%–10 min. 
duration). These parameters were found to be optimal and were used in the following experiments, 
since they do not lead to the massive destruction of the nanotubes during the preparation phase.  
Adsorption spectra of MWCNTs dispersed in aqueous solution were measured by UV-vis 
spectrometer (Fig4.3a). Direct comparison of MWCNTs solubility is not feasible, as bundles of 
MWCNTs are not active in the wavelength region between 200-1100 nm and only individual CNTs 
exhibit characteristic bands (Yu et al. 2007). In order to compare efficiency of the dispersion by 
different surfactants, the absorbance values at 500 nm wavelength are plotted in Fig4.3b showing 
that Sodium dodecylbenzenesulfonate (SDDBS) reveals the best dispersability for nanotubes. At the 
same time, Dodecyltrimethylammonium bromide (DTAB) was found to have the lowest 
dispersability of MWCNT in aqueous solution compared to other surfactants used for this 
experiment. According to the previous reports, such property was ascribed to their chemical 
structures (Islam et al. 2003).  
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Fig.4.3: Fig.4.1: (a) UV-Vis spectra of MWCNTs in different surfactants and (b) calculated 
nanotube dispersability of these dispersed MWCNTs by SDDBS, SC, CTAB, SDS and DTAB at 500 
nm wavelength. 
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Fig.4.4: (a) TEM micrograph of the surfactant-coated MWCNTs (CTAB–MWCNTs). (b) UV-vis 
spectra of MWCNTs dispersed in aqueous solutions using CTAB (red curve), and DNA–CTAB 
(black curve) (inset images indicating these curves show the supernatant of the respective curves).  
4.1.3 Non-covalent functionalization of multi-walled carbon nanotubes 
As depicted in Fig.4.1d, ss-DNA chains are also used to disperse CNTs non-covalently in aqueous 
solution. This can be attributed to the VDW interactions between ss-DNA bases and CNTs 
sidewalls. However hybrid approach developed here represents a sandwich of the cationic CTAB 
film combined with ss-DNA which enhances the dispersion of MWCNTs on one hand and 
facilitates the DNA binding to the CNT surface on the other hand. In this case positively charged 
head groups of surfactant and negatively charged phosphate groups of DNA attach together by 
electrostatic interactions. First step of the functionalization scheme, i.e. the coating of MWCNT by 
CTAB surfactant was verified by TEM measurements (Fig.4.4a). One can see that the surface of 
MWCNT is covered by CTAB layer, as indicated by red arrow, which is approximately 2 nm thick. 
The yellow arrow shows the walls constituting MWCNT. Once ss-DNA was added to CTAB-
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MWCNT solution the nucleic acid molecules start to interact with thin films of the surfactants and 
modifies the dispersion of the nanotubes. To investigate the effect of the DNA addition, optical 
absorbance of the functionalized MWCNTs was measured by UV-vis spectroscopy. Fig.4.44b 
summarizes the measurements of the adsorption spectra of hybrid DNA-CTAB-MWCNT system. 
Obviously, adsorption values for the dispersed MWCNTs with DNA-CTAB are higher than that 
of only CTAB. This confirms the interaction of DNA with surfactant layer and enhanced 
dispersability of MWCNTs in the presence of DNA molecules. The insets show the images taken 
to compare suspensions of both samples. By visual comparison of two samples, one can see that 
DNA-CTAB-MWCNTs suspension appears much darker than CTAB-MWCNTs solution.  
4.1.4 Interaction of ss-DNA with multi-walled carbon nanotubes 
Furthermore, binding of DNA molecules to the dispersed MWCNTs with CTAB was visualized 
by AFM. Fig.4.5a and 4.5c exhibit the AFM images of CTAB-MWCNT and DNA-CTAB-  
MWCNT complexes on silicon surface respectively. In order to understand the interactions 
between ss-DNA and surfactant modified CNTs, we analyzed the height profiles along the tubes  
in the AFM images as shown in Fig.4.5b and Fig.4.5d respectively. The straight black line and the 
red dashed lines in each height profile image correspond to the mean value of the nanotube height 
and standard deviations calculated for the CTAB-MWCNT complexes. These values for the 
CTAB-MWCNT are found to be 8.7 nm and 1.7 nm respectively which are in agreement with the 
data provided by the nanotube supplier. On the other hand, the analysis of DNA-CTAB-MWCNT 
complexes (Fig.4.5c and 4.5d) reveals the increased average height and standard deviations up to 
10.4 nm and 2.8 nm respectively. The indicated characteristic spike in this height profile image 
confirms the existence of small fragments of DNA molecules on CTAB-MWCNT  
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Fig.4.5: AFM images (a) CTAB—MWCNT, (b) height profile of CTAB—MWCNT, (c) ss-DNA–
CTAB–MWCNT and (d) height profile of CTAB–ss-DNA–MWCNT (peaks marked in red show the 
attachments of ss-DNA to CTAB). The height profile represented by white dotted lines in the images 
depicts the plots for standard deviation represented by red dotted line (Majumder et al. 2013).  
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hybrid structure which is in agreement with the complementary AFM image (Fig.4.5c). In contrast 
to known in the literature “wrapping” of the DNA molecules around SWCNTs, we did not observe 
any reproducible wrapping of ss-DNA around MWCNTs during our experiments. According to the 
reported results (Terentjev & Huang 2008; Zheng et al. 2003; Sanz et al. 2011) and our own 
experimental observations, the dispersion of MWCNTs using ss-DNA is not as effective as for 
SWCNTs. The probable reason for this could be related to the intrinsic difference in the physical 
conditions during wrapping. Hamaker constant which defines the pair potential between 
nanoparticles and nanotubes is experimentally shown to be c.a. 6×10−21 J (3.8 eV) which is 
associated with the VDW forces (Terentjev & Huang 2008). It has been reported that interaction 
between MWCNTs has a more significant dependence on VDW constants as compared to 
SWCNTs (Gulyaev et al. 1997). For instance, nanotube and nanoparticle interaction controlled by 
VDW forces, have pronounced effects of their geometrical shape and sizes (Rance et al. 2010). 
Both MWCNTs and the ss-DNA carry negative surface charges associated with -COOH groups 
due to partial oxidation for CNTs edges from purification steps and those that comprise the sugar 
phosphate back bone of ss-DNA (Majumder et al. 2013). Therefore the ss-DNA should overcome 
a potential energy barrier to get adsorbed on the tube surface. Typically dozens of atoms make the 
circumference of each nanotube shell and the –COOH groups which are predominantly present on 
nanotube ends have a spatial density that is dependent on the number of nanotube shells. This 
makes the quantitative difference in terms of energy advantage for the interactions between ss-
DNA with SWCNTs and MWCNTs.  Furthermore, since CNTs are spatially extended one-
dimensional electrically conducting structures with plasmonic electrons, VDW interactions with 
other nano scale and molecular species are likely to be more long-ranged (~1/r3) than those 
typically observed for example between microscopic colloidal species (~1/r6) (Rance et al. 2010). 
Finally, it has been shown that the binding energy of the molecular species to the nanotubes is 
increased with tube diameter, but is reduced with increase in number of inner shells (Hertel et al.  
Functionalization and large scale assembly of carbon nanotubes 
 
68 
 
 
Fig.4.6: (a) AFM image of MWCNTs dispersed with M13mp18 DNA in buffer (yellow frame 
indicates the region of the plot for the height profile along the tube). Green and yellow arrows 
point the height level of CNT and DNA, respectively. (b) Height profile of the nanotube wrapped 
by ss-DNA: green frame indicates the height profile level of carbon nanotubes; black baseline 
represents a level of the average height of the tube B1 nm; red arrows demonstrate the regions, 
associated with wrapped DNA. (c) Representation of the inner tube VDW forces (yellow arrows) 
in MWCNTs, exfoliation of outer walls (blue arrows) and sliding motion of the inner wall from the 
outer walls along the tube axis (white arrow). 
1998). These arguments are important for understanding the interactions of the ss-DNA with 
MWCNTS covered by positively charged surfactants (Fig.4.5 and 4.6). The presence of the cationic 
surfactant decreases the potential barrier for ss-DNA binding to the nanotube surface however the 
multiwall structure of the tubes reduces the binding of the molecule.  Fig.4.6a shows AFM image 
of dispersed MWCNTs using ss-DNA in TAE buffer where a certain periodicity of the DNA 
wrapping around the tube was still observed. Surprisingly, the observed average diameter of the 
nanotube (Fig.4.6b) was found to be 1 nm which is nearly ten times smaller than the average 
diameter of the nanotubes as mentioned before. The red dashed lines in Fig.4.6b represent standard 
deviation from the average value of the native height of the nanotubes. The peaks above the lines 
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depict the height profile of the ss-DNA wrapped around the nanotube. From the measured spacing 
of the peak profile, we find a periodicity in the range of 40-80 nm which can be considered as the 
pitch of the ss-DNA wrapped helically. It has been reported that depending on the tube diameter 
and the number of shells, the interaction within nanotubes bound to substrates or into bundles in 
solution can lead to substantial axial and radial deformations of adsorbed nanotubes destroying 
their idealized shape (Hertel et al. 1998). Thus experimentally, such nanotube with wrapped ss-
DNA molecule could be an example of the disrupted MWCNT structure. Since the number of shells 
of this MWCNT was diminished as compared to the initial one, the ability of ss-DNA to bind has 
increased (Hertel et al. 1998).  
In order to understand the consequence of sonication, let us consider the carbon bonds in the 
nanotube structure. The difference in bond lengths depends on the chirality and radius of the 
nanotube (Nasir Imtani & Jindal 2006). Unlike in graphite where one bond length determines its 
structure, in case of nanotube, folding of the graphene sheet introduces two different direction i.e. 
radial direction and length direction which likely dictates through two different bond lengths. The 
stacking sequence of the layers are generally of ABAB type with an interlayer {002} spacing of 
typically 0.334 nm, which results in a circumference difference of 2.1 nm between two successive 
tubes. The π- orbitals provide the weak VDW bonds between the planes. The increase in total 
surface area due to the nano scale dimensions enhances the attractive forces between them 
tremendously. The nanotubes assemble in bundles which contains hundreds of closed packed CNTs 
tightly bound by VDW attraction energy of 500 eV/µm of tube-tube contact (Girifalco et al. 2000). 
At high intensity of ultrasonication the acoustic cavitations process appearing in the liquid 
environment results in agile formation, growth and collapse of bubbles. Upon bubble implosion, 
temperatures and pressures of up to 15000 K and 1000 bar can be created (Rivas et al. 2012). The 
physical conditions in such an environment are aggressive enough for exfoliation and peeling of 
MWCNT graphene layers which initiated at the external layers. As a result, tubes become thinner 
with time undergoing layer by layer unwrapping process (Hilding et al. 2003). This leads us to 
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conclude that the ss-DNA wrapped tube in this case is a single walled tube which could have 
metamorphosed from MWCNTs due to breaking of bonds, exfoliation and probably sliding of the 
large nanotubes shells.  
The representation in Fig.4.6c shows the possible mechanisms of metamorphosis of MWCNTs into 
SWCNTs during sonication. The yellow arrows depicts the inter wall VDW forces present within 
MWCNTs walls, while the blue arrows shows possible exfoliation of the outer walls. It has been 
reported that the nanotube layers seem quite independent, so MWNTs would not only get shorter, 
but also thinner with time going through a layer by layer unwrapping process (Lu 1995). The 
sonication energy provided during sonication is enough to initiate the breaking of bonds easily 
overcoming VDW energy within the tube walls leading to the exfoliation of the outer walls. The 
white arrow parallel to the inner most tube axis depicts the probable possibility of the nanotube 
sliding out from the outer shells which could be energetically more favorable. It has been reported 
that VDW interaction can cause an extruded core of MWNTs to retract into the outer shells (Zheng 
et al. 2002) and weak load transfer was observed between the inner and out layers of MWCNTs 
with interfacial shear strength of less than 1 MPa arising from weak VDW (Wernik & Meguid 
2010). As reported by Takahashi et al (Takahashi et al. 2006) that MWCNT with a diameter as 
small as 4 nm has more capability for wrapping DNA around it, than larger diameter tube. The 
poor wrapping ability of the MWCNTs could be attributed to the inner wall surplus VDW 
interaction present in case of MWCNTs. However, single walled tubes or tubes with lower diameter 
formed due to the proposed mechanisms are readily wrapped by ss-DNA as observed in our 
investigations. Thus we confirm experimentally the statement proposed by Takahashi that 
wrapping of DNA around MWCNTs is diameter dependent. However this is a unique phenomenon 
which was observed, since this type of hybrid approach to functionalize MWCNTs by 
immobilizing ss-DNA on the top of the surfactant layer was not observed for all MWCNTs present 
in the solution. Further studies in this direction to optimize such hybrid functionalization are 
required. 
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4.2 Interface assembly of carbon nanotubes 
Alignment at interfaces has several advantages and great potential applications across various 
domains. This has been discussed in details in section 2.1.3. The main challenges of interface 
alignment lie in the reproducibility, scalability and tight control of the nanoparticles at the interface. 
Here, we present a strategy by using a modified dielectrophoresis method to perform alignment of 
SWCNTs at the interface.  
4.2.1 Strategy developed for alignment at interface  
 
Fig.4.7: Schematic of experimental setup for alignment of SWCNTs at liquid-liquid interface using 
modified ac-DEPith simultaneous exposure  of UV light for photopolymerization.  
The strategy to align CNTs at interfaces is performed using a modified DEP process. The schematic 
in Fig.4.7 shows the set up used for this strategy. The interface alignment was done on a silicon 
substrate with patterned electrodes as described in section 3.2.1. A photopolymer was initially drop 
casted over the electrodes gaps and thereafter a well dispersed CNT solution in surfactant was 
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dropped over the photopolymer covering the photopolymer surface (Fig.4.8a). Due to different 
surface tension of these two liquids an interface is formed. DEP was performed using AC electric 
field (Fig.4.8b) during which the CNTs travelled from the solution towards the interface (Fig.4.8c). 
The setup was simultaneously exposed to a UV light for cross linking the polymer, due to which 
the CNTs became pinned at the interface (Fig.4.8d). The excess liquid over the polymer was 
removed using a stream of nitrogen jet. The dispersion procedure of CNTs was modified slightly 
for performing this strategy. Dispersion of SWCNTs with surfactant and polymers was carried out 
using standard dispersion protocol as mentioned in section 3.1. The photopolymer was prepared 
using a blend of Urethane dimethacrylate (UDMA) and 1,6-hexanediol dimethacrylate (HDDMA) 
(ratio 9:1). A mixture of Camphorquinone (photoinitiator) and N,N-
dimethylaminoethylmethacrylate (accelerator) (ratio 1:2) to the prepared blend. Several 
polymerization tests were performed to optimize the polymerization of the polymer. Electrical 
signal of 10 MHz and 10 V was applied across the electrodes for few minutes and simultaneously 
exposed to UV light.  
4.2.2 Alignment at interface 
The alignment of SWCNTs at the interface of two liquids depends on various factors namely the 
shape and effective radius of the nanoparticles, wettability, surface modification of the 
nanoparticles, interfacial tension, line tension etc. There is a drastic change of at the interface of 
two immiscible liquids for example oil and water. This change can be minimised by aligning of the 
nanoparticles at the interface. Also the decrease in surface energy favours the formation of a 
monolayer at the interface (Binder 2005). Only, if the contact angle of the nanoparticles is exactly 
90°C the particle will be aligned exactly at the middle of the interface or else it would be biased 
towards either of the liquids. Fig.4.9a shows SWCNTs dispersed in TDOC with a contact angle of 
70°. When, this solution was added to Polydimethylsiloxane (PDMS) polymer a drastic change in 
contact angle was observed (Fig.4.9b) due to change in to change in interfacial tension.
Results 
 
73 
 
 
Fig.4.8: Schematic showing different stages of alignment at interface using modified DEP. (a) 
Random position of CNTs at interface (b) Application of electric field (c) Alignment of CNTs along 
electric field lines at the interface (d) CNTs pinned at the interface after polymerization.  
 
Fig.4.9: Contact angle measurement for SWCNTs dispered in TDOC on Si substrate (b) Change 
in surface tension (γ) after dispersion added to  PDMS (c) Alignment of nanotubes at the interface 
on PDMS. 
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Fig.4. 10:  (a) Interface alignment of CNTs on a photo polymer using modified DEP process. The 
color gradient pair of arrows shows the path of the aligned SWCNTs (b) Raman spectroscopy with 
characteristic peaks for CNTs and polymer. 
Fig.4.9c shows alignment of the SWCNTs by ac-DEP for CNT-PDMS dispersion. It was observed 
that the manipulation of SWCNTs within the PDMS was not precise and it tends to agglomerate 
instead of forming a monolayer on a single plane. This could be attributed to the change in 
wettability and at the interface. Also due to the high viscosity of PDMS, the applied field did not 
fully penetrate through the interfacial region. Following this, as shown in Fig.4.7 the interface 
alignment of CNTs using the modified DEP process with a photopolymer was used. The SWCNTs 
were aligned at the interface via ac-DEP followed by immobilization by photo polymerization 
under continuous application of electric field. The photo polymerization was performed to freeze 
the SWCNTs at the interface after removal of the external field. Fig.4.10a show the alignment of 
SWCNTs at the interface (the arrows points to the alignment direction). The SWCNTs follow the 
field lines and align at the interface and simultaneously pins themselves at the interface due to 
photo polymerization. The positioning of the SWCNTs exactly at the 
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Fig.4.11:Electric filed calculations using Comsol (a) In-plane view of electrical field in two fluids 
(b) Electrical field calculations at the interface of two fluids.  
interface is very difficult and often it slips off from the interface and gets embedded in the polymer. 
The long range alignment could be attributed to the summation of change in interfacial energy and 
the applied field. Fig.4.10b shows the typical peaks for SWCNTs, which confirms the presence of 
SWCNTs at the interface. Application of higher field is required for better alignment and control 
of such anisotropic nanoparticles at the interface. 
4.2.3 Theoretical simulations of interface alignment 
A theoretical model as shown in Fig.4.11a was developed to study the effect of electric field at the 
interface. The theoretical simulations for electric field lines at such an interface system (Fig.4.11b) 
shows the strongest fields near the electrodes and field gradient is highest near the corner of the 
electrodes as expected. Fig.4.12 shows that strength of the electric field increases with higher 
applied voltage. Due to inhomogeneous field between the electrodes, inhomogeneous alignment of 
the SWCNTs is expected. The main drawback for such a system as derived from the calculation 
was that the interface was far away from the point of highest gradients. The fields 
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Fig.4.12: Strength of the electric field under different applied voltage using Comsol 
 
Fig.4.13: Comsol calculations (a) Cross section view of electric field at different distance from tip 
of electrode (b)Strength of the electric field at different distances from the tip of electrode.  
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with the highest gradients do not reach out at the interface where the alignment needs to be 
achieved. This fact is clearly depicted as in a cross section view as show in Fig.4.13a. It can be 
seen that already at a distance of 4 µm from the electrode tip (Fig.4.13b) the electric field is already 
very weak. In our system the distance of the interface from electrode tip would be at least few 100 
µm.    Therefore, for successful alignment at the interface either the applied field must be higher 
or the setup should be designed in a way that the interface is at least in vicinity of the higher gradient 
points. Calculations show that voltages in range of mega volts are required and this would not be 
applicable for such small systems. The other possibility could be limiting the volume of the liquid 
used which could facilitate the penetration of electric filed through the liquid interface. To 
overcome the limitation due to lower voltages, new experiments were designed to obtain monolayer 
of SWCNTs over large areas which will be discussed in section 4.3.  
4.3 Large scale assembly of carbon nanotubes 
Assembly of nanoparticles in large scale has several potential commercial applications which of 
course have several technical challenges. To overcome the limitation due applied electric voltage 
as discussed in section 4.2, new experiments were designed to obtain monolayer of SWCNTs over 
large areas. LB is a long range ordering technique; however the exact positioning is a drawback 
whereas DEP although being a short range alignment technique has higher precision in positioning 
of nanoparticles. Therefore, the synergetic combination of these two techniques is very interesting. 
It could be well perceived that alignment by this approach could be easily scaled up over larger 
areas up to hundreds of microns. Furthermore, this is a rapid process and takes very short time for 
alignment. The density of the transferred nanoparticles can also be easily controlled by varying one 
of the several parameters of either technique.  
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4.3.1 Incompatibility using standard techniques for large scale assembly 
 
Fig.4.14:  Alignment of SWCNTs using standard alignment techniques (a) Langmuir-Blodgett and 
(b) Dielectrophoresis.  
Alignment of SWCNTs was performed using standard alignment techniques like LB and DEP as 
shown in Fig.4.14. For LB one of the major drawbacks for the CNT dispersion is that the dispersion 
has to be done in solvent based solution. It’s well known that dispersion in solvent is difficult 
compared to dispersion in aqueous solution which finally makes the dispersion quality inferior. As 
show in Fig.4.14a, the alignment of SWCNTs using LB can be achieved over large scale but it 
lacks control in direction and the SWCNTs are transferred as multi layers with non- 
uniform coverage.  Alignment using DEP as show in Fig.4.14b with aqueous based solution 
showed perfect alignment along the electric field lines within short distances. DEP has the 
advantage of short range precise alignment with uniform coverage; however it suffers from lack of 
long range alignment covering larger areas due to limitation in application of higher voltages. 
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4.3.2 Strategy developed for LB-DEP technique 
 
Fig.4.15: Schematic showing LB-DEP technique. (a) Dispersed SWCNTs in solvent spread on 
water subphase (b) Substrate with biased electrodes is dipped inside the trough and the barriers 
are slowly compressed (c) Under constant surface pressure and optimized DEP conditions; the 
substrate is slowly drawn out of the subphase at constant speed. 
Fig.4.15 schematically depicts the strategy used in LB-DEP technique. Fig.4.15a, shows the 
SWNCTs homogenously spread between the barriers over the water subphase on a LB trough. 
Fig.4.15b; shows the standard compression of barriers as carried out for the LB procedure. The 
transfer of the SWCNTs from the solution on to the substrate is modified as shown in Fig.4.15c, 
where the transfer is carried out simultaneously with DEP which gives direction and precise 
positioning of SWCNTs on the substrate.  
Langmuir-Blodgett technique aided with dielectrophoresis as shown in Fig.4.16a, was used to 
obtain large scale alignment of SWCNTs. Gold electrodes were fabricated using optical 
lithography on a Si substrate with 300 nm oxide. The Si substrate was dipped into the LB trough. 
About 300 µl of the prepared SWCNTs suspension was spread gently over the water surface on the 
trough with the help of a syringe. The system was left undisturbed for the next few minutes to allow 
the evaporation of the solvent from the water surface. A filter paper (Wilhelmy plate) was used to 
monitor the surface pressure during compression of the floating SWCNTs on the water  subphase  
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Fig.4.16: (a) LB-DEP setup used for our experiment (b) Surface pressure cycle during LB. 
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by moving two barriers towards each other. At a target surface pressure of 20mN/m, the SWCNT 
film was compressed to form a dense film over the water subphase. The compression was carried 
out under pressure cycling as shown Fig.4.16b; i.e. compression-retraction-compression cycles 
with gradual increase in surface pressure till the target was reached which significantly reduces 
hysteresis. A signal with a frequency of 10 MHz and 10V amplitude was applied for the ac-
dielectrophoresis (ac-DEP) to aid the LB film transfer. The dense monolayer LB film was then 
transferred on to the Si substrate by gradually pulling it out of the aqueous subphase aided with 
simultaneous ac-DEP process.     
4.3.3 LB-DEP technique 
Organic polymers are primarily comprised of carbon, hydrogen, nitrogen and oxygen and can be 
natural or synthetic. Conjugated polymers consist of alternating double and single C-C bonds. 
Since carbon atoms in C=C are sp2 hybridised, Pz orbital overlap occurs so that a delocalised 
electron cloud exists above and below the plane of the sigma bonds that form the structural 
framework of the polymer chain. Poly(m-phenylenevinylene-co-2,5-dioctyloxy-p-
phenylenevinylene) (PmPV), shown in Fig.4.17a; is a derivative of poly(p-phenylenevinylene) 
(PPV). The phenyl substitutions on the vinylene bond make the polymers soluble and protect them 
against degradation due to the action of oxygen and light. Additionally, phenyl substitution is 
expected to offer various possibilities for the introduction of electron donating or withdrawing 
groups via the phenyl rings and allows diverse structural modifications. The wettability between 
conjugated polymer PmPV and the lattice of CNTs in different organic solvent is well reported 
(Curran et al. 1999). Fig.4.17b; shows the different stages leading to agglomeration of CNTs after 
dispersion when spread on the water surface. This was due to excess of PmPV in the final solution. 
These freely moving large polymer molecules made the solution inhomogeneous leading to quick 
agglomeration and finally sedimentation of the CNTs. Therefore, it was important to remove the 
excess PmPV in solution by repeated washing and filtration (insets  Fig.4.18a). The final solution  
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Fig.4.17: (a) schematic of two units of a PmPV chain (b) Aggregation of SWCNTs dispersed with 
PmPV-DCE with increasing time and concentration.   
 
obtained was therefore homogenously dispersed and stable for months as seen from the UV-vis 
absorbance in Fig.4.18a. Interestingly, it has been demonstrated  
that wrapping of the polymer ropes around the tube lattice occurs in a well ordered periodic fashion 
suggesting an ordered interaction between polymer and nanotube (McCarthy et al. 2000; Ryan 
2005). Furthermore, the interaction with SWCNTs is diameter dependent on PmPV strands 
interacting between nanotubes which assists disentanglement of the nano tubes (Dalton et al. 2000). 
(a) 
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Fig.4.18: (a) UV-vis spectrum of PmPV suspended SWCNTs in DCE solvent. (inset: stable 
dispersion of PmPV/DCE SWCNTs and filtrate of dispersion without excess PmPV (b) TEM image 
showing wrapping of PmPV around SWCNT.  
Computational modelling (in het Panhuis et al. 2001) of this polymer shows that the side groups 
are in plane with the molecular backbone. This necessary characteristic is believed to allow 
interaction with the nanotubes. The unique stability of PmPV coating on SWCNT in DCE could 
be seen in the TEM image as shown in Fig.4.18b. Such stable SWCNTs dispersion by non-covalent 
functionalization in organics is highly desirable for chemical assembly of high quality nanotubes 
and integrated devices.  
Fig.4.19a shows the AFM image of the PmPV/DCE SWCNTs solution. The dispersion appears 
homogeneous with mostly individual SWCNTS. Also the tubes are functionalized without excess 
PmPV. The average length of the SWCNTs in dispersion was found to be 1.2 µm (Fig.4.19ab) and 
with a mean diameter of 1.6 nm (Fig.4.19ac). The change in diameter of the SWCNTs could be 
attributed to the polymer wrapping around SWCNT surface walls. LB is a long range ordering 
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Fig.4.19: (a) AFM image of SWCNTS dispersed in  PmPV-DCE medium randomly deposited on 
silicon substrate from solution; (b) Length distribution (c) Diameter distribution. 
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technique, however the exact positioning is a drawback where as DEP although being a short 
range alignment technique, has high precision in positioning of SWCNTs. Therefore, 
synergetic combination of these two techniques is very interesting. It could be well perceived 
that alignment should be easily possible over areas of several hundred microns and the 
process could be easily scaled up. The electric field at the electrode tips with highest gradient 
points acts as a trap for the SWCNTs and determines their position and alignment while the 
LB technique imparts continuous films thereby covering larger areas. Monolayer films could 
be fabricated in larger scale with precise control in a rapid way within very short time. The 
parameters such as the surface pressure, solution concentration, transfer speed and applied 
field are of great significance for the morphology of the fabricated LB-DEP films since the 
density of the transferred SWCNTs can be easily controlled by varying one of the several 
parameters of either technique. We also, observed regular branching of the SWCNTs during 
the alignment which is interesting in terms of conductivity percolation [4]. The compression 
of the LB films was done in several cycles till the target pressure was reached. Cycling 
compression reduces rapid sticking and aggregation of SWCNTs leading to better packaging 
and alignment. As predicted by theory concerning the alignment degree, two types of 
alignment were observed. Fig.4.20a, shows an alignment with continuous inter connection 
over the large surface area with monolayer thickness of 2 nm (Fig.4.20c). The 
interconnections between the tubes give a continuous path for conduction. The alignment as 
seen in Fig.4.20b is more or less anisotropic with fewer interconnections between the tubes  
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Fig.4.20: (a,c) Patterns of transfered monolayers; (b,d) Height profile of the above transferred 
monolayers. 
Results 
 
87 
 
in the 2 nm high monolayer film (Fig.4.20d) which would make the film less conducting 
compared to the previous one. It was observed that even straighter wires could be grown over 
tens of microns using the modified LB technique. Fig.4.21 shows such a phenomenon. At 
this point this phenomenon is not well understood. One of the possible reasons could be few 
points around the electrodes have sharper edges leading higher gradient filed that its 
neighbouring points. Due to this the growth rate at these points are many folds faster which 
in turn suppresses the lower gradients at other locations. During such one dimensional 
alignment the tips of the nanotubes The alignment of SWCNTs obtained by the LB-DEP 
process is a combination of effects from LB and DEP techniques. The LB technique transfers 
SWCNTs 
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Fig.4.21: Anisotropic growth observed during LB-DEP process. 
 
also behaves as new electrodes with stronger gradient points which probably results into this 
phenomenon. 
The alignment of SWCNTs obtained by the LB-DEP process is a combination of effects from LB 
and DEP techniques. The LB technique transfers SWCNTs monolayers on to the substrate while 
the DEP process offers directional and unique placement of the SWCNTs between the electrodes 
on the substrate. 10V at 10 MHz was used during the LB-DEP process. The deposition of  SWCNTs 
between electrodes is mostly determined by the longitudinal permittivity which is inversely 
proportional the band gap of the SWCNTs. As mentioned in section 2.3.1 dielectrophoresis effect 
on metallic and semiconducting tubes is dependent on the applied frequency. In our frequency  
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Fig.4.2: (a) Gate dependent measurements of several SWCNTs alignedby LB-DEP process (b) Isd 
vs. Vsd plots at different gate voltages. 
Functionalization and large scale assembly of carbon nanotubes 
 
90 
 
 
Fig.4.3: (a) Electrode structure used for LB-DEP experiments (b) SWNCTs aligned at electrode 
edge using LB-DEP (c) Raman spectroscopy of the LB-DEP aligned SWCNTs. 
 
regime both types of SWCNTs will experience positive DEP and get deposited between electrodes. 
To achieve higher on-off ratio the semiconducting tubes were switched off by biasing the gate with 
an appropriate positive voltage while gradually applying an increasing DC voltage between the 
source and the drain electrodes. As a result, the current to pass through the metallic tubes destroying 
them due to local thermal heating once they reach a threshold value. Fig.4.2a shows the gate scan 
for constant source-drain voltage of 1 V for the aligned SWCNTS by LB-DEP. The CNTFET 
displays semiconducting behavior which now  shows a source-drain current dependence on the 
gate voltage (as shown in Fig.4.2b. This allows the device to be turned on and off by changing the 
sign of the gate voltage.  
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Fig.4.4: Directional measurement. 
 
Several electrode configurations were designed for our experiments to investigate the assembly 
effect of the SWCNTs. Fig.4.3a, shows a typical configurations from a part of a substrate used for 
LB-DEP experiments. The degree of alignment was investigated by polarized micro Raman 
spectroscopy as described in section 4.3.5. This characterization technique relies on the fact that  
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the Raman intensity of the tangential mode of SWCNTS is sensitive to the polarization angle. The 
tangential mode intensity reaches a maximum when the polarized light is parallel to the nanotube 
axis i.e. 0° and decrease gradually as the angle of polarizer increase to 90° where the polarized 
light becomes perpendicular to the nanotube axis (Rao et al. 2000). Fig.4.3b, show a part of self 
assembled SWCNTs aligned perpendicular to an electrode obtained by LB-DEP process. It can be 
seen that the network show a percolation effect which assist in achieving higher conductivities 
from such network assemblies. Raman measurements were carried out at various angles and the 
intensity of the tangential mode was measured. Fig.4.3c shows the tangential peaks (1591 cm_1) 
of the polarized Raman spectra for the SWCNTS aligned by LB-DEP process measured at different 
angles. As mentioned earlier, the maximum intensity was observed when the polarized light was 
parallel to the applied electric field direction (0°) and the smallest intensity appeared when the 
polarized light was perpendicular to the field direction (90°). This polarized Raman measurements 
effectively demonstrate the preferential alignment of the individual SWNTs in the aligned SWNT 
bundles and clusters that resulted from the LB-DEP process. Further direction dependent electrical 
conductivity measurements with respect to aligned SWCNTs axis were performed. As shown in 
Fig.4.4. The electrical conductivity is higher when measured parallel to nanotube axis while the 
other two measurements i.e. 45° and 90° to aligned nanotube axis showed at least three orders of 
lower electrical conductivity. 
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Chapter 5: Conclusions and outlook 
 
In this chapter the outcome and possible outlooks for future work is discussed. 
 
In this work the strategies for hybrid bio-functionalization and large scale assembly of CNTs was 
presented. The extent of alignment in the large scale assembly process was demonstrated. The 
output of this scientific work could be briefly summarized with the following important 
conclusions.  
For successful hybrid bio-functionalization, the optimum dispersion parameters of MWCNTs using 
different surfactants were investigated. Non-covalent functionalization of MWCNTs was 
successfully realized. Further the possibility to make hybrid structure functionalization by 
attaching ss-DNA backbone to the positively charged head group of CTAB by ionic interaction 
was demonstrated. The metamorphosis of MWCNTs during sonication, its binding effects with ss-
DNA and comparison of this system with SWCNT case were ascertained. Shorter fragments of ss-
DNA which can be attached to CTAB modified MWCNTs surface and metamorphized CNTs with 
narrow diameter which facilitate more complex interactions of CNTs with ss-DNA, i.e.so-called 
“wrapping” was demonstrated. This phenomenon was attributed to the diameter dependence and 
surplus energy during sonication. We believe that more insights into functionalization of MWCNTs 
by ss-DNA molecules can help to boost the utilization of the MWCNTs for real biomedical 
applications, which could be relevant in the field of nano medicine for novel methods of drug and 
gene delivery. However, this is a unique phenomenon which was observed since this type of hybrid 
approach to functionalize MWCNTs by immobilizing ss-DNA on the top of the surfactant layer 
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was not observed for all MWCNTs present in the solution. Further studies in this direction to 
optimize such hybrid functionalization are required. 
In the interface assembly of CNTs studies, the alignment of CNTs was investigated using a new 
approach. The importance of interface assembly and its applications were discussed. Here, an 
attempt to modify the standard DEP method to use it for interface alignment was made by 
developing an advanced strategy. The concept was demonstrated with limited success and 
minimum control at the interface. The limited success of these experiments was attributed to the 
limitations of the used setup and measurement equipments which were not optimum in this case. 
However, with further modification and redesign of the experimental setup such interface 
alignment could be scaled up with better precision of nanoparticles at the interface. 
 
Finally, the large scale assembly of SWCNTs was demonstrated with a new strategy developed by 
combination of DEP and LB techniques together.  The alignment of SWCNTs obtained by the LB-
DEP process is a combination of effects from LB and DEP techniques. The LB technique transfers 
SWCNTs monolayers on to the substrate while the DEP process offers directional and unique 
placement of the SWCNTs between the electrodes on the substrate. This process is easily scalable 
as it is a simple and inexpensive setup. Also, the degree of alignment was verified suing polarized 
micro Raman spectroscopy. The direction dependent electrical conductivity measurements clearly 
showed the benefits of aligned SWCNTs with higher electrical conductivity. This could have 
potential application in fast on-off state devices, optical antennas, polarizers, water-desalinization 
systems etc. Further investigations and studies would be required for the optimization of LB-DEP 
technique to use it for a scalable approach.  
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